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I. REAL PARTY IN INTEREST 

The real party in interest is the assignee, the Oklahoma Medical Research Foundation, 
Oklahoma City, OK. 

II. RELATED APPEALS AND INTERFERENCES 

There are no related appeals or interferences. 

III. STATUS OF THE CLAIMS 

Claims 1-30 were filed with the original application. Claims 17-30 were canceled in 
response to a restriction requirement. Claims 1-16 are pending, stand rejected, and are appealed. 
A copy of these claims is set forth in the attached Claims Appendix. 

IV. STATUS OF AMENDMENTS 

No amendments have been offered following the final Office Action. 

V. SUMMARY OF CLAIMED SUBJECT MATTER 

The present invention relates to methods for monitoring effective thrombin levels in 
patients undergoing anticoagulant therapy comprising measuring circulating levels of soluble 
endothelial protein C receptor (sEPCR), wherein lowered sEPCR levels relate to lowered 
effective thrombin activity. The anticoagulant therapy may involve a vitamin K antagonist, may 
involve at least one of Warfarin, Coumadine, Previscan, Sintrom, heparin, low molecular weight 
heparin, pentasaccharides, hirudin, hirudin analogs, coagulation factor inhibitors, protein C 
pathway components, tissue factor pathway inhibitors, anti-platelet compounds or fibrinolytic 
pathway components. The sEPCR may be measured by an immunoassay, for example, by 
ELISA. The circulating sEPCR levels may be determined from a sample such as a blood product 
(serum, plasma), cerebrospinal fluid or urine. Specification at page 4, lines 10-20. 
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In another embodiment, the present invention provides methods for monitoring the 
effectiveness of anticoagulant therapy comprising measuring circulating sEPCR levels, wherein 
decreases in sEPCR indicate that the anticoagulant therapy is effective. The anticoagulant 
therapy may involve a vitamin K antagonist, may involve at least one of Warfarin, Coumadine, 
Previscan, Sintrom, heparin, low molecular weight heparin, pentasaccharides, hirudin, hirudin 
analogs, coagulation factor inhibitors, protein C pathway components, tissue factor pathway 
inhibitors, anti-platelet compounds or fibrinolytic pathway components. The sEPCR may be 
measured by an immunoassay, for example, by ELISA. The circulating sEPCR levels may be 
determined from a sample such as a blood product (serum, plasma), cerebrospinal fluid or urine. 
Specification at page 4, lines 21-30. 

VL GROUND OF REJECTION TO BE REVIEWED ON APPEAL 

Are claims 1-16 obvious under 35 U.S.C. §103 over Esmon et al (Exhibit 1) and 
Kurosawa et al (Exhibit 2) in further view of Hirsh et al (Exhibit 3). 

VII. ARGUMENT 

As an initial matter, appellants note that findings of fact and conclusions of law by the 
U.S. Patent and Trademark Office must be made in accordance with the Administrative 
Procedure Act, 5 U.S.C. § 706(A), (E), 1994. Dickinson v. Zurko, 527 U.S. 150, 158 (1999). 
Moreover, the Federal Circuit has held that findings of fact by the Board of Patent Appeals and 
Interferences must be supported by "substantial evidence" within the record. In re Gartside, 203 
F.3d 1305, 1315 (Fed. Cir. 2000). In In re Gartside, the Federal Circuit stated that "the 
' substantial evidence' standard asks whether a reasonable fact finder could have arrived at the 
agency's decision." Id. At 1312. Accordingly, it necessarily follows that an Examiner's position 
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on Appeal must be supported by "substantial evidence" within the record in order to be upheld 
by the Board of Patent Appeals and Interferences. 

A. Rejection Under 35 U.S.C. §103 

Claims 1-16 are rejected under §103 as obvious over Esmon et al (Exhibit 1) and 

Kurosawa et al (Exhibit 2) in further view of Hirsh et al (Exhibit 3). According to the examiner, 

Esmon et al discloses that hirudin, a specific thrombin inhibitor, blocked thrombin mediated 

increases in circulating EPCR, and that circulating EPCR levels are thus a surrogate for thrombin 

levels. The examiner points to the following passage: 

This [monitoring of plasma EPCR] could prove useful in monitoring the progression of 
cardiovascular disease or the effectiveness of therapeutic interventions in these [human] 
patients. 

Esmon et al at page 255. From this, it is concluded that the reference adequately discloses the 
use of sEPCR assays to monitor the effectiveness of anticoagulant therapies. Kurosawa et al is 
cited as teaching the detection of sEPCR by ELISA of patient plasma. Hirsh is cited for teaching 
various anticoagulant therapies, and measuring the effectiveness of the anticoagulant therapy. 

B. The References do not Reasonably Suggest Success in Humans 

As discussed previous responses, the cited passages from Esmon et al refer to studies by 
Gu et al (2000) (Exhibit 4) in which endotoxin or thrombin treatment elevated soluble EPCR 
levels in a rat experimental model. These are inflammatory mediators in sepsis, and the effect of 
thrombin was blocked by hirudin, a specific thrombin inhibitor. By way of discussing their 
results, both Gu et al and Esmon et al extrapolated these observations in a rat model to the 
human condition by stating that monitoring plasma EPCR levels may indicate thrombin- 
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mediated large vessel disease activity, and might prove useful to monitor disease progression or 
effectiveness of therapeutic interventions in these patients. 

However, the study described in Gu et al (2000) was designed to investigate the 
mechanism by which soluble EPCR is generated using an in vivo model. It was not designed to 
investigate how soluble EPCR levels change in patients as a result of anticoagulant therapy. 
Their data predicts that soluble EPCR levels may be linked to thrombin production in humans, 
but they do not test the prediction. They most certainly do not show data from patients or other 
humans in their study. 

The examiner attempts to counter this by citing again from Esmon et al at page 255, 
column 2, that "soluble EPCR . . . can increase severalfold in autoimmune disorders or in septic 
shock." Does that statement suggest, much less provide any credible evidence, that 
anticoagulant therapy in humans can be monitored using the claimed methods? Appellants 
submit that it does not. Thus, we are still left with an unbridged gap between animal studies and 
humans. 

Clearly, the need to conduct studies in humans is at the crux of the rejection, namely, the 
lack of likelihood of success in practicing the claimed invention based only animal studies. In re 
Vaeck, 20 USPQ2d 1438 (Fed. Cir. 1991) (holding that a reasonable likelihood of success in 
practicing the invention is required for any prima facie case of obviousness). The rejection here 
is based on the assertion that observations on sEPCR levels in a rat experimental model are 
predictive of levels in a corollary human condition. The scientific literature contains examples in 
which such extrapolations hold, and others in which they do not. There is an inherent limitation 
for data collected in an animal model, namely, that such data are clearly representative of the 
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animal model, but may not be representative of similar response in humans (or even other animal 
models for that matter). 

Despite protesting, the examiner has indeed simply dismissed this line of argumentation 
as "not persuasive/' claiming that sufficient evidence exists to permit this extrapolation. The 
examiner repeatedly points to the previously quoted portions of Esmon et aL, and further notes 
that mutations in both human and murine thrombin genes can lead to thrombosis. However, the 
binding of thrombin to its receptor, which initiates signaling and the production of sEPCR, is 
distinct from its clotting function, which is an acellular phenomenon. Thus, this observation is 
not particularly relevant to the present rejection. 

Giudici et al. (1999) (Exhibit 5) was cited as teaching that both humans and mice can be 
protected from sepsis by antithrombin. In point of fact, Giudici et al did not report that humans 
can be protected from sepsis by antithrombin, with the results' of the trial being very 
disappointing. All that this paper demonstrates is that antithrombin therapy may be effective in 
only a very small sub-population of patients with sepsis. This sub-population is very closely 
defined as patients with all of (a) sepsis, (b) septic shock, (c) requiring hemodynamic support 
and (d) antithrombin levels <70% of normal at the time of admission. This is not merely 
"patients with sepsis." Furthermore, there was no difference between placebo or antithrombin 
treatment on overall mortality beyond 30 days. From a clinical perspective, the patient sub- 
population affected was so narrowly defined as to be useless on a practical basis. As a result, 
antithrombin therapy is not recommended for use in sepsis. 

Nonetheless, the examiner concludes from this study that though "animal models are not 
. . . exact replicas for human responses, . . . [they] have and continue to serve as valuable models 
for many human diseases/conditions." Indeed, rodents do provide valuable information 
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regarding human disease states. That is not the issue here. The question is whether one can 
make a sufficient extrapolation from the animal studies of Esmon et al such that there would be 
reasonable predictability in a comparable human system to render the present claims obvious. 
In order to more fully understand the issue, appellants wish to provide a more detailed discussion 
of the invention and it's development. 

As discussed previously, the invention relates to measuring soluble EPCR in humans. 
The inventors are the first to show that soluble EPCR levels are related to thrombin levels. The 
soluble EPCR seen in the human assay is released from the membrane-bound parent by 
metalloproteinase activity. The metalloproteinase activity is up-regulated through a series of 
cellular signaling events arising from thrombin's interaction with cells that express EPCR. 
These receptors are called protease-activated receptors (P ARs), of which several have now been 
identified. 

The important point to be made about PARs is that humans utilize PAR-1 and PAR-4. 
Kahn et al (1999; Exhbit 6). In contrast, mice do not have PAR-1, and use PAR-3 and PAR-4 
instead (Kahn et al (1998); Exhibit 7). 1 Thus, the inventors were prompted to perform the 
experiments described in the instant patent application because the they were aware that 
thrombin receptors differed between mice and humans (not to mention other species) and the 
signaling pathways are, therefore, different as well. See, for example, Connolly et al (1994; 
Exhibit 8). Thus, the results of Esmon et al, though interesting, did not provide a priori 
/ predictability with regard to sEPCR levels and thrombin activity in humans. Appellants submit 

that because mice and humans (not to mention other species) have different PAR receptors, there 
was no reason to believe that what Esmon et al showed was true for thrombin-thrombin receptor 

1 With regard to PAR-2, the distinction between species is not clear, and PAR-2 is used by many enzymes other than 
thrombin. 

\ 
i 
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interactions in a mice would predictably translate to humans. This unrebutted fact is far more 
relevant than the examiner's citations. 

In the Advisory Action, the examiner attempts to sweep these important facts away by 
stating that "though there are different homologous receptors used in humans and mice, there is 
no expectation that the intracellular events are not at least on whole the same in rodents and 
humans." Where is the evidence supporting this statement? This appears nothing more than 
conjecture on the part of the examiner, and thus it does not rise to a level necessary for a showing 
sufficient to support obviousness. Further, the attempt to circumvent this argument by once 
again pointing to the Kurosawa et al paper is not availing since that paper did not deal with 
therapy! 

Moreover, the examiner has improperly dismissed the impact of genetic variability on the 
results seen here. Murine populations used for studies like those described by Esmon et al are 
inbred. While that may not have a significant impact in certain situations (for example, 
orthotopic cancer models), it most certainly has an impact when dealing with the complicated 
response seen with regard to sepsis and clotting. Even where positive results are seen in mice (or 
rats), there would clearly be a need to confirm the results in human, and the literature is replete 
with examples where the murine results could not be confirmed in humans (which the examiner 
readily admits). In response, the examiner simply concludes, without any basis, that such 
variability (or other reasons for distinguishing murine studies from humans) does not preclude 
predictability. This statement is factually incorrect, and in any event, unsupported from a legal 
standpoint. 
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C. Summary 

In sum, appellants submit that a fair review of the record indicates that the examiner 
arguments in favor of extrapolating from mice to humans in the context of thrombin and sEPCR 
are far less compelling than appellants' arguments to the contrary. On this basis, it is submitted 
that there was an insufficient likelihood of success in practicing the claimed invention, and 
therefore no prima facie case of obviousness exists. Reversal of the rejection based on the 
preceding discussion is respectfully requested. 

VIII. CONCLUSION 

It is respectfully submitted, in light of the above, that none of the pending claims are 
properly rejected under 35 U.S.C. §103. Reversal of the pending grounds for rejection is thus 
respectfully requested. 



FULBRIGHT & JAWORSKI L.L.P 
600 Congress Avenue, Suite 2400 
Austin, Texas 78701 
(512)536-3184 




Resjaettfully submitted, 



Stewn L. Highlander 
Reg. No. 37,642 



iomgyTor Appellants 



Date: August 12, 2005 
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CLAIMS APPENDIX 



1. A method for monitoring effective thrombin levels in a human patient undergoing 
anticoagulant therapy comprising measuring circulating levels of soluble endothelial 
protein C receptor (sEPCR) of said patient, wherein lowered sEPCR levels relate to 
lowered effective thrombin activity. 

2. The method of claim 1, wherein the anticoagulant therapy involves a vitamin K 
antagonist. 

3. The method of claim 1, wherein the anticoagulant therapy involves at least one of 
Warfarin, Coumadine, Previscan, and Sintrom. 

4. The method of claim 1, wherein the anticoagulant therapy involves use of heparin, low 
molecular weight heparin, pentasaccharides, hirudin, hirudin analogs, coagulation factor 
inhibitors, protein C pathway components, tissue factor pathway inhibitors, anti-platelet 
compounds or fibrinolytic pathway components. 

5. The method of claim 1, wherein the sEPCR is measured by an immunoassay. 

6. The method of claim 5, wherein the sEPCR is measured by ELISA. 

7. The method of claim 1, wherein the sEPCR level is determined by measuring sEPCR in a 
blood product, cerebrospinal fluid or urine. 

8. The method of claim 7, wherein the blood product is plasma or serum. 

9. A method for monitoring effectiveness of anticoagulant therapy in a human patient 
comprising measuring circulating sEPCR levels of said patient, wherein decreases in 
sEPCR indicate that the anticoagulant therapy is effective. 
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10. The method of claim 9, wherein the anticoagulant therapy involves a vitamin K 
antagonist. 

11. The method of claim 9, wherein the anticoagulant therapy involves at least one of 
Warfarin, Coumadine, Previscan, and Sintrom. 

12. The method of claim 9, wherein the anticoagulant therapy involves use of heparin, low 
molecular weight heparin, pentasaccharides, hirudin, hirudin analogs, coagulation factor 
inhibitors, protein C pathway components, tissue factor pathway inhibitors, anti-platelet 
compounds or fibrinolytic pathway components. 

13. The method of claim 9, wherein the sEPCR is measured by an immunoassay. 

14. The method of claim 13, wherein the sEPCR is measured by ELISA. 

15. The method of claim 9, wherein the sEPCR level is determined by measuring sEPCR in a 
blood product, cerebrospinal fluid or urine. 

16. The method of claim 15, wherein the blood product is plasma or serum. 
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EVIDENCE APPENDIX 
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Esmon et al. 


Exhibit 2: 


Kurosawa et al. 
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Hirsh et al. 
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Gu et al. 
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Giudici et al 


Exhibit 6: 


Kahn etal. (1999) 


Exhibit 7: 
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Exhibit 8: 
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Identification of Functionai Endotheiial Protein C Receptor in Human Plasma 

Shinichlro Kurosawa,* Deborah J. Stearns-Kurosaw^* Norlko Hidarl,* ; a ^f e J^Z°CUy, Oklahoma 73104; department 
SSKSr mad, ^'Sciences Center, Oklahoma City, 

tk'lta^t^ 



Abstract 

The endothelial cell protein C receptor (EPCR) binds pro- 
Sn C and facilitates activation by the thrombm-thrombo- 
modulin complex. EPCR also binds act. va edp r ^ 
(APC) and inhibits APC anticoagulant ac ivity. In th s 
rtudy we detected a soluble form of EPCR m normal hu- 
man plasma. Plasma EPCR appears to be - 43 000 D, and 
drculates at ~ 100 ng/ml (98.4±27.8 ng/ml, n = 22). 
Plasma EPCR was purified from human citrated plasma 
using ion exchange, immunoaff.nity, and protein C affin- 
ity chromatography. Flow cytometry experiments demon- 
s'™ ed that plasma EPCR bound APC with an affinity s.m- 
ilar to that previously determined for 
EPCR (K, = 30 nM). Furthermore, plasma EPCR inlub- 
Sth ?rotein C activation on an endothelial I cen hne and 
APC anticoagulant activity in a one-stage Factor Xa clo 
ting assay. The physiological function of plasma EPCR is 
uncertain, but if the local concentrations are 
hieh particularly in disease states, the present data suggest 
S' ^soluble plasma EPCR could attenuate the mem- 
ranetu S nd U EPC P R augmentation of protein C — 
and the anticoagulant function of APC. (J. Clin, invest. 
1997 100-411-418.) Key words: soluble protein C receptor . 
activated protein C • protein C - anticoagulation . endothe- 
Hal cells 

Introduction 

The clinical importance of the protein C P 3 *^^^ 
by the multitude of dysfunctions in th.s pathway that result in 
thrombosis (1, 2). Activation of protein C to its active serine 
protease, activated protein C (APC),> initiates a series of 
events that p.ay a key role in the regulation of b ood ^coagul a- 
tion Protein C and APC have also been implicated m the reg 
Son of the host response to inflammation Patients with 
meningococcemia (3) or streptococcal se P s,s (4) with purpura 

^^correspondence to Charles T. Esmon Ph C > «25 N.E 13th 
Street, Oklahoma City, OK 73104. Phone: 405-271-6474; FAX. 405- 
271-3137- E-mail: charles-esmon@omrf.uokhsc.edu 

Received for publication 31 January 1997 and accepted m revved 
form 18 April 1997. 

Z^bbTeviations used in this paper: APC activated protein C; EPCR, 
tnHothelial orotein C receptor, fl-APC, fluorescein in the active site 
soluble EPCR with the HPC4 epitope inserted 
in place of the transmembrane domain and cytosol.c tail. 
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fulminans and acquired protein C deficiency have been treated 
with protein C concentrate with a favorable clinical outcome 
Furthermore, the response in primates to low-level bacterial 
infusion intensified when the protein C pathway was blocked 
(5). APC also protected primates and rodents from lethal lev- 
els of Escherichia coli (5, 6). 

Endothelial cells play a critical role in the protein C path- 
way in that they express two of the known receptors responsi- 
ble for efficient protein C activation: thrombomodulin, and the 
endothelia! protein C/APC receptor (EPCR) (7, 8). Thrombo- 
modulin (CD141) is a transmembrane cofactor that binds cir- 
culating thrombin with high affinity, and the resultant en- 
zyme-cofactor complex is required for physiologically relevant 
protein C activation rates (9, 10). EPCR is a recent^ identified 
Leptor with significant homology to the CD1/MHC I dass 1 
familv (7 11 12). EPCR binds both protein C and APC with 
similar affinity (K^ ~ 30 nM) (11). . md Jf^XSm 
activation by presenting the protem C substrate to the throm- 
bin-thrombomodulin activation complex (8). Both endothe hal 
cell receptors are type 1 transmembrane prote.r , in which the 
lieand binds to an extracellular domain, and both have a short 
intracellular cytoplasmic tail (11, 13-15). In addition, their m 
vitro cell surface expression is downregulated similarly by 

™Th a e ( 2aracteristics of soluble forms of the receptors, how- 
ever differ in several respects. Recombinant soluble thrombo- 
modulin has reduced cofactor activity relative to the mem- 
brane form (16, 17). With both purified components and with 
cells, the changes in thrombin's substrate specificity induced 
by thrombomodulin result from competition for a shared bind- 
ing domain on thrombin as well as conformational alterations 
in the active site pocket (18-24). Soluble thrombomodulin also 
accelerates inactivation of thrombin by a variety of inhibitors 
(25 26) Both plasma and urine contain detectable thrombo- 
modulin (27, 28), and because the thrombomodulin gene does 
not contain introns (13), these soluble forms are due to pro- 
teolysis of the extracellular domain at the cell surface. Soluble 
degradation products of thrombomodulin in plasma are 
known markers of endothelial cell damage in a f variety of dis- 
ease states (27, 29-34), and are comprised of a mixture o 
thrombin-binding fragments with varying reduced affinities, as 
well as nonbinding fragments (27). 

In contrast, recombinant soluble EPCR (^PCR) trun- 
cated just before" the transmembrane domain, binds both pro- 
tein C and APC with an affinity similar to that observed for in- 
tact cel. surface-expressed EPCR (11). APC antic«agula„t 
activity is inhibited effectively when bound to rsEPCR (U), 
presumably because both rsEPCR and Factor Va share _ bind- 
ing determinants in a groove reminiscent of the an.on-binding 
exosite I in thrombin occupied by thrombomodulin (35). 
rsEPCR, however, appears to influence "either proteolysis of 
small synthetic substrates by APC, nor inactivation of APC by 
aTantitrypsin or protein C inhibitor (12). Unlike membrane- 
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bound EPCR which enhances prote.n C acttvatton (8) 
rsEPCR has little effect on protein C act.vat.on by the so uble 
thrombin-thrombomodulin complex (12), suggest.ng that any 
soluble forms of EPCR might inhib.t prote.n C act.vat.on by 
competing with membrane-associated EPCR for prote.n C. 

^observations and considerations led to the curren 
studies investigating possible plasma forms of EPC^ a"d *he.r 
potential impact on the protein C pathway. We ^.dentrfy for the 
first time plasma EPCR, and show that purified plasma EPCR 
blocks cellular protein C activation and APC anfcoagulant ac- 
tivity. 

Methods 

Materials. The following reagents were purchased from the indicated 
vendor porcine intestinal mucosal heparin, diisopropy. fluorophos- 
Tate bio'inamidocaproate N-hydroxysuccinimide ester and bovine 
™ a.bumin (Sigma Chemical Co., *. l^i* MO* Sp^rozyme 
PCa (American Diagnostics, Inc.. Greenwich CT) EL SA ampl.fica 
tion kit (GIBCO BRL, Gaithersburg, MD); Aff.Gel-10 (B.o-Rad 
laboratories, Hercules. CA); Hanks' balanced sal. solut,on and 3-(N- 
morpholine)propane sulfonic acid (Mops) (Fisher Scientific Co.. 
Swn, W). All other reagents were of the highest quahty commer- 

Human protein C (36). bovine thrombin (37, and bo 
vine antithrombin (38) were purified as described. rsEPCR ^nsisK 
of the extracellular domain of EPCR truncated at residue 210 nist be- 
fore the transmembrane domain, followed by a 12-res.due sequence 

hat permits calcium-dependent immunoaffinity P unficat.on on the 
HPC4 monoclonal antibody (36. 39). The construction punf.cat.on, 
and protein OAPC-binding characteristics of rsEPCR have^ " de- 
scribed previously (11). Goat preimmune serum and polyclonal anti- 

erum to rsEPCR was prepared, and the IgG was purified as previ- 
ouZoescribed (11). Goat anti-rsEPCR polyclonal antibody was 
biolinylated with bio.inamidocaproate N-hydroxysuccin.m.de ester 

nt"S— : mAbs against rsEPCR -e obtained as 
described for other proteins (36). The 1494 1495 and ^Ateare 
IgGl k antibodies that bind to rsEPCR and to cell surface-expressed 
FPCR The 1494 and 1496 mAbs block the bind.ng of protem C and 
fpC to^PCR and inhibit the ability of ce.lu.ar EPCR to facihtate 
nrotein C activation by the thrombin-thrombomodul.n complex (8). 
Th?i495mAbdoes not block ligand binding to EPCR. does not ato 
cell surface protein C activation, and has a b.nd.ng epitope distinct 

Snylated with bio.inamidocaproate ^Mroxysu^mmjde e «er 
using standard procedures. The 1496 mAb was coupled to , AffiGel-10 
Sing to the manufacturer's directions for immunoatf m* punfi- 
cation of plasma EPCR. The screemng of an..-EPCR mAb was done 
using methods previously reported (8, 11). . [ma PprR 

Clotting assay. The effect of rsEPCR or purified plasma EPCR 
on APC S nM) anticoagulant activity in a one-stage Factor Xa c.ot- 
fingassaywas performed as Scribed (12^^^^^ 
of 83 pg/ml 1496 mAb, an antibody that blocks APC-EPCR mterac 
Uon (8) The soluble EPCRs and 1496 mAb were pre.ncubated for 

^IwS^ TZ human cel. lines were maintained as described 
previously (11). EA.hy926 cells, a transformed human endothelial 
SnTne (40). were kindly provided by Cora-Jean Edgell (University 
of North Carolina at Chapel Hill). , , , pr 

flow cytometric analysis. To serve as a fluorescen probe, APC 
was labeled with fluorescein in the active site ^"AFQ - 
n 41). The effect of rsEPCR or plasma EPCR on APC binding to 
EA.hy926 cells was studied by flow cytometry ^'"S™^^; 
scribed previously (11). In brief, harvested cells were incubated for 
30 min on ice with 60 nM fl-APC in the absence or presence of in- 



creasing concentrations of either soluble EPCR preparation, were 
washed and cell-bound fluorescence was determined by flow cytome- 
try with 10 000 events counted per sample. All assays were done in 
Hanks' balanced salt solution supplemented with 1% BSA, 3 mM 
CaCI 2 . 0.6 mMMgClj, and 0.02% sodium azide. 

Cell surface protein C activation. EA.hy926 cells were cultured 
in 96-well tissue culture dishes as described (8). The confluent mono- 
layers were washed three times with Hanks' balanced salt^ solution 
supplemented with 1% (wt/vol) BSA, 3 mM CaCl„ 0.6 mM MgCl 2 , 
and 0 02% sodium azide. All assays were done at room temperature 
in the same buffer in 60 pi final volume, and all protein concentra- 
tions represent the final concentration in the assay. Protein C was 
added (0.1 p.M) in the absence or presence of rsEPCR, plasma 
EPCR or 1494 mAb at the indicated concentrations, and was prein- 
cubate'd with the cells for 15 min. Thrombin was added to the mix- 
tures (2 nM) to start the activation reactions. At the md.cate^ ..me 
50 id aliquots were removed and added to 10 p.1 of antithrombin (0.7 
^ final) and heparin (5 U/ml final) in a 96-well microliter plate 
APC amidolytic activity was determined by addition of Spectrozyme 
PCa substrate (0.2 mM) and the rate of change in absorbance a. 405 
nm (mOD/min) was measured (V„„ kinetic microplate reader; Mo- 
lecular Devices, Menlo Park, CA). All assay points were done in Imp- 
licate wells, and < 10% of the protein C substrate was actuated as 
determined by reference to a standard curve of fully APC versus 

m °™kZa and serum collection. Whole blood was collected from 
normal adult volunteers (12 females and 10 males) by venipuncture 
into 3 8% buffered citrate solution, or into tubes without anticoagu- 
lant (Vacutainer tubes; Becton Dickinson, Franklin Lakes. NJ) No 
screening of donors was attempted with respect to age, diet, or other 
variables All volunteers were informed of the study and gave their 
written consent. The blood was centrifuged at 1 160 g for 10 mm The 
plasma and serum were aliquoted and stored frozen at -80 C until 

^ ELISA for quantitation of plasma EPCR. An ELISA for detec- 
tion of EPCR antigen in plasma was developed. Microliter plates 
(Maxisorp; NUNC NS, Roskilde, Denmark) were coated with 50 p 
of 4 pg/ml 1495 mAb in 15 mM Na 2 CO„ 35 mM NaHCO,, pH 9.6. at 
4"C overnigh.. The following steps were done at room te ™P e "™ r ^ 
The wells were washed three times with 20 mM Tns-HCl, 0.1 M 
NaCI, 0.05% Tween 20. pH 75 (assay buffer), and were blocked wnh 
assay buffer containing 0.1% (wvvol) gelatin for a. least 1 h. The 
wells were washed, 50-pl samples were added in triplicate wells, and 
the plates were incubated for 1 h. The wells ^,^^"*?J 
three times with assay buffer, and 50 pi of 2 pg/m. b.ot.n-1494 mAb 
was added The plates were incubated for 1 h, washed three times, 
and 50 pi of 0.25 pg/ml streptavidin-alkaline phosphatase conjugate 
(GIBCO BRL) was added and incubated for one additional hour. 
The wells were washed five times, and the substrate and amphfier re^ 
agents from an ELISA amplification kit (GIBCO BRL) were added 
sequentially a. 15-min intervals according to *e manufe^rer s 
regions. The color development was stopped w.th 0.3 M H^O,, and 
the endpoint absorbance at 490 nm was read on a V m.crop ate 
reader. Each plate contained standards in triplicate wells from 1.5- 
100 ng/ml rsEPCR in 20 mM Tris-HCI, 0.1 M NaCI, and 1 mM 
EDTA 0.1% gelatin. pH 7.5. The standard curve was lmear (r - 
099) from 1.5-12.5 ng/ml. and plasma samples were diluted with the 
same buffer to fall within the linear range. Preliminary experiments 
determined tha, a final concentration of 1-2% human plasma did not 
affect the linearity or sensitivity of the standard curve. P^sma sam- 
ples from healthy volunteers were diluted with assay buffer contain- 
ing 1 mM EDTA to a final 2% plasma, and EPCR antigen levels were 
calculated from the average of triplicate wells by reference to a stan- 
dard curve determined on the same plate. 

Western blot. SDS-PAGE of plasma or serum samples was done 
with 10% acrylamide gels with the Laemmli buffer system (42) under 
^reducing conditions using standard procedures. Gels were trans- 
ferred to polyvinylidine membranes (PVDF; M.ll.pore Corp.. Bed- 
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, j >u m *» m hr«nes were blocked, and were then incubated 

XTrei— e goat IgG (50 ^nU). or with a goat 
Inti rsEPCR ^clonal IgG (50 ^g/ml). After washmg. membranes 
mouse anti-goa, IgG-hor^radish perox,dase 

Sgate (Pierce, ^^^^J^ 
TEZZ aTeice^ cSLinesc/n, substrate (Pier.) 
according to the manufacturer's instructions. 

" I— ^- Serum or citrated plasma -^^J 
from healthv volunteers were incubated with 50 ^1 of 1495 mAb con 

™SfGel-10 (5 mg IgG/m. resin) overnight at 4»C w.t i«a- 

n Sesamp.es wereLtrifuged,^ 

the resin was washed three times with 1 ml of 20 mM Tns-HCl, 0.1 M 
N a and 0 02% sod.um azide, P H 7.5 SDS-PAGB sample ^ffer 
containing a f.nal 20 mM dithiothre.tol was added to the _ washed 
Lin. and'the samp.es were boiled for 3 mm, and P^rSS 
PAGE and Western blotting. Membranes were probed w.th b'otmyfcted 
eoTant^EPCR polyclonal antibody at 4 p-g/ml, and bound ant.body 
watde erted with a streptavidin-horseradish perox,dase conjugate 
^Pierce) and enhanced chemiluminescence detecfon ^W™, 
narv experiments determined that preadsorpt.on of samples w.th 100 
"of Tris inactivated AffiGel-10 resin for 1-4 h « 
followed by overnight immunoadsorption with .the 1495 mAb Aff. 
Gel Z gavl identical Western blotting results (data not shown). 

Purification of plasma EPCR. Plasma EPCR was pur.f.ed from 
human d'aud p asma (Oklahoma Blood Institute. Oklahoma O y, 
OK) us ng a combination of ion-exchange chromatography anb 
reEPCR mAb immunoaffmity chromatography, and chromatography 
on protein C affinity columns. Two preparations were done ,n shght.y 

"ZEE preparation, plasma (1 .iter) was diluted with an equal 
. \( on mM Tris-HC! pH 7.5, 10 mM benzamidine, 400 U so- 
iT^Z^lZ^^ for 1 h with 1 g P= Uen QAE 
Af.cr settline the resin was processed for purification of pro- 
e r C Tpre^Sydescribed (36). Solid ammonium sulfate was 
added "the supernatant a, 4°C to 40% saturation was centrifuged 
and additional ammonium sulfate was added to that supern anMo 
achieve 70% saturation. After centr.fugat.on, the soft pellet was 
in dialysis bags and dialyzed overnight aga.nst 12 l.ters o 20 
i T r "HCl 0.02% sodium azide, pH 7.4. Tire dia.ysate was appl.ed 
To a 1496 mAb AffiGel-10 immunoaffmity co.umr . < i ml res.n ^ mg 
IgG/m. resin) equilibrated in 20 mM ^^.^^'fZtZ 
dium azide pH 7.4. The column was washed w.th > 12 ml of thesame 

mote in C affinity column that had been prepared prevmusly by ap- 
S the pS protein C (3 mg) to an HWAJWJ column 

SrXS£££2SS (36. 39) P and does not interfere 
5S subsequent ^™£^%£^~?2 

ELISA described above. The eluate contain.ng both protein C and 



after transfer to PVDF membranes, and on Western blots with the bi- 
otin polyclonal anti-rsEPCR antibody probe (data not shown). 

The second preparation of plasma EPCR was done with 4 l.ters of 
plasma to purify enough protein for functional studies. In this case, 
the 1496 AffiGel-10 resin (20 ml of 5 mg IgG/m. resin) was added d.- 
rectly to the citrated plasma, along with final concentrations of 10 
mM benzamidine. 1 mM diisopropylfluorophosphate. and 05 U/rri 
sodium heparin. The plasma was batch-adsorbed overmght at 4 C 
S wl gent.e P mixing. After the resin sett.ed,th« £ 
cessed for protein C purification as described (36). The resm was 
packed into a 2.5 X 30 cm column, washed extensively w.th 20 mM 
Tris HC1 0 1 M NaCl, 0.02% sodium azide, pH 7.4, and was eluted 
I n 50% ethylene glycol in 20 mM Tris-HCI, pH 7.4. The eluate was 
pooled and concentrations (5.5 total OD M ) was apphed ,o a Mono 
Q column, and the two ionic species (breakthrough ^nd 02 M NaCl 
eluate peak) were reapplied to the .496 Aff.Ge -10 resm (W i X U 
cm). The column was eluted with 50% ethylene glycol as before^The 
eluate (071 ODs) was concentrated, and the buffer was changed to 
20 mMTris-HCI, 0.1 M NaCl, 3 mM CaCl, 0.6 mM M g Cl 2 , <Mtt% ~ 
dium azide with a Centriprep 30. This matenal was then apphed to .an 
a finity column in which protein C (2.9 mg) had been app he UmUaJy 
in the same buffer to an HPC2 AffiGel-10 column (0.6 X 17 cm). The 
HPC2 mAb binds to the protein C serine protease doma.n. and does 
Ee£re with EPCR binding (11). The bound EPCR was eluted 
w^th buffer containingS mM EDTA. Contaminating serum amy o.d P 
(from the protein C sample) was removed by .on-exchange chroma- 
tography on the FPLC Mono Q column. The sample was apphed >n 
02 8 M NaCl. so that the plasma EPCR did not bind -d was sepa- 
rated from the contaminants that eluted at 0.4-0.5 M NaCl. The fe- 
rn Lnpunf.e^ plasma EPCR (0.193 OD^ appeared homogenous 
by SDS-PAGE with silver staining and by Western Wotting with 
polyclonal anti-rsEPCR. This material was then used for the func- 
tional studies and ammo-terminal sequence ana^ 

Protein seauencin g . The amino-.ermina. sequence analys.s of sol- 
uble plasma EPCR was performed in Dr. Kenneth Jackson s labora- 
ton "Secular Biology Research Facility, WK. Warren Medical 
Search Institute, Oklahoma City). Amino acds are designated by 
the standard one-letter code. 



Results 

Previous investigations into the function of EPCR found that 
p Sc binding to the membrane form of EPCR resulted tn 
facilitation of protein C activation by the thromb.n-thrombo- 
modulin complex on cell surfaces (8), but that soluble . »oa» 
binant EPCR inhibited APC anticoagulant activity (12). These 
observations, along with the knowledge that soluble thrombo- 
modulin degradation products in plasma ^e a^rker of et^- 
dothelial damage in various disease states 27. 29-34), M l£ die 
question of whether a soluble circulating form(s) of EPCR ex- 
isted, and. if so, what role it may have in the protein Cpathway 
As a firs, approach, plasma and serum samples from three 
healthy volunteers were diluted (4% vol/vol), run on 10 /o SDS- 
PAGE gels under nonreducing conditions, and processed for 
Western blotting using a goat polyclonal antibody raised a^inst 
rsEPCR As shown in Fig. 1 A, a single band of ~ 43,000 D 
appears in both the serum (lanes 2-4) and plasma samples 
(E 5-7) after the membrane is probed whh the polydona 
antibody. The size of the protein detected appears slightly 
larger than the rsEPCR (Fig. 1 A, lane I). The other bands de- 
ecfed were background binding of IgG as judged by ^probmg 
with preimmune IgG and longer exposure times (data no, 
shown). Overnight incubation of plasma samples with the anti- 
EPCR 1495 mAb coupled to Aff.Gel-10 resin, followed by 
washing and elution of bound antigen under reducing condi- 
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• i K*nd detected by Western blotting 
tions, resulted in a ^^^ lyclo Ll antibody (Fig. 1 
with biotinylated goat anti-rstr^ v J 

A, lanes 8 and $>). was detectab i e directly 

The observat.on that EPCK an^ g ^ ^ a 

from healthy donor P^m?^ Rations with 

single size, was |.-^3g^ , ^ |W « e o^ products of 
thrombomodulin. demonstrated (27, 28), and nor- 

thrombomoduhn have Jcenoe^ fa ^ ^ 

m al levels of these solub^roducte ar^ q {mof 

iation, on the order of 1.^^ volu „teers by 

soluble EPCR antigen m P™^ 5 n ^ ml y in females („ = 
EUSAfoundanngenlevekom^ & 

12) and 1CT7.2±30.2 ng/ml ^ J wgs 9g 4± 

together, the average plasma ^ 
27.8 ng/ml. The ^ 0 \™^ o *ZZ<lMn (43), but the pop- 
than for females, similar o ^^^^ysfe, and this 
ulation studied was too ^nmuedfor J«-^ J to 
study was not designed to assess am 
age, diet, or other ^variable*, ^ g single ^ , 

Since the plasma EPCK appea whether the 

~ 10 ? "^"SS'S^^ A^- soluble 
circulating EPCR could on F combination of 

EPCR was purified from to-jg^ wUh ammonium 
ion-exchange chromatography, Afe . Affi . 

sulfate, and ^munoadsorpnon by ant EPCK 
G eM0 column - described ^ ^ ^ £ 
This plasma EPCR ( ""J** tein C (3 mg) to an 

affinity column prepared * «WW Column in buffer con- 
antiprotein C HPC4 mAb AffiGd-1 colum EpcR 
taining calcium ^ magnesium (Bg^)^ £ ^ ^ 



kD 



, KnHv column consistent with the calcium 
tein C from -* antibody (39). 

dependence of p oteinC bin S ^ ^ stmctural 

J° P ppKr P S ^" ^ Wers of plasma using a sim- 
studies, EPCR was purine described in Methods, 

ilar, but slightly modified procedu e ^ 
After elution from a preantibody ^ 

ual contammatmg P^JJJ^, q column The resultant 
chromatography on an FTLC s on SDS . 

preparation of plasma EPCR ^pear fl 6 , an6S , and 2) 

PAGE 10% gels with sllv ^™^ th ^es^ blots probed 
and identical antibody under both 

with biotin goat anti-rsEPCH po y ^ ^ 

Amino-terminal S ^ A . S . D , which is identical to 

yielded only one sequence, J> " u £ • fe he first 

ural source. . d APC was assessed 

The ability of plasma EPCR to bma to ^ 

by competition S resultant free 

compete w,th oeUute EPCR o ^ fey flow 

APC that could bind ^« i„ the ac- 

cytometry (Kg- 2 J» £A ^ fa ^ e 
live site (fl-APC) was lncuoai rsEPCR. The 

presence or absence of either plasma EPCR or «b 
EPCR concentration dependence to — °« Qf EpcR 
ing to the cells was s.m lar for bom somo ^ 
This observation indicates tha * e aTO P ^ for 
for binding APC is similar to that previou > 
\_ conn APC bind ne interaction (Ni ~ ^ nivi; / 
the " EPCR c A ^ D '"Ti effect 0I1 protein C activation in a 
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" "" ' Uc , 4 <v voVvol) from healthy volunteers were processed 

SoaUgGandanenhan^che— 

!495 AffiOeWO resin (lanes ^ (B ) Hasma EPCR P ur,ty ^^'"tScR (lanes 3, reduced; 4, nonreduced). The 

was done using bio.in ^J^^^^nJJ^ P-bed with biotmylated goat ant, 
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EPCR capable of binding protein C and APC suggested that 
plasma EPCR has the potential to alter cell-surface activation 
of protein C The thrombin-dependent activation of an ap- 
proximately physiological level of protein C (0.1 jiM) on 
EA.hy926 cells was inhibited by excess rsEPCR almost to the 



level of that observed with the anti-rsEPCR 1494 mAb that 
blocks the EPCR-protein C binding interaction (Fig. 3 A). Pre- 
vious studies have demonstrated that rsEPCR has no effect on 
APC amidolytic activity using small synthetic substrates (12). 
The plasma EPCR was slightly more effective in its ability to 
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Rgur e, Soluble p.asma EPCR and ^^^tt^^S^^^" 
15 min at room temperature with 0.1 ?M protein C alone (O), wuh 1 yM rsEPCR ™'°\™™l^Z?C was determined with an amido- 
initiated by the addition of thrombin (2 nM fine.), and the rea~ 

lytic assay as described, and the act.v.ty rates ^^^^^^ ( T^S^ cell monolayers were preincubated for 15 min at 
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inhibit cell-surface protein C activation on the EA.hy926 cells 
relative to the rsEPCR (Fig. 3 B). 

In a one-stage Factor Xa clotting assay, purified plasma 
and soluble recombinant EPCR inhibited the APC prolonga- 
tion of clotting times similarly (Fig. 4). Inhibition of APC anti- 
coagulant activity by rsEPCR had been observed previously 
(12). As expected, the 1496 mAb reversed this effect by block- 
ing the APC plasma-EPCR binding interaction. 



Discussion 

The current studies demonstrate that a soluble form of EPCR 
circulates in plasma. In our healthy donor population, the 
plasma EPCR level was ~ 100 ng/ml, and it appeared to be a 
single antigen species of - 43,000 D. Subsequent purification 
of the soluble EPCR from plasma and functional studies deter- 
mined that it was capable of binding both protein C and APC 
with an affinity similar to intact membrane-bound EPCR. The 
in vitro studies using an endothelial cell line demonstrated that 
plasma EPCR inhibited protein C activation at near physiolog- 
ical concentrations of protein C and thrombin. In addition, di- 
rect addition of purified plasma EPCR to plasma resulted in 
inhibition of APC anticoagulant activity that was reversed with 
monoclonal antibodies to rsEPCR. 

The identification of the purified plasma protein as being 
EPCR was based on comparison with the properties of 
rsEPCR. These proteins both reacted with the same battery of 
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FXa + + + + + + 

APC - + + + + + 

Plasma . m + 
EPCR 

rsEPCR + + 

1496 mAb - - - - + + 

Figure 4. Soluble plasma EPCR inhibits APC anticoagulant activity. 
The anticoagulant activity of APC (25 nM) was determined with a 
one-stage Factor Xa clotting assay in the presence of 460 nM plasma 
EPCR or rsEPCR. The effect was reversed when either soluble 
EPCR was preincubated for 5 min with 42 p.g/ml of 1496 mAb, which 
blocks binding of APC to EPCR. The data represent the average of 
four to six determinations±SD. 



monoclonal and polyclonal antibodies, had the same amino- 
terminal sequence, bound to immobilized protein C in a Ca? + - 
dependent fashion, and blocked protein C activation and APC 
anticoagulant activity with similar dose-response curves. In 
addition, the affinities of both protein C and APC for rsEPCR 
and plasma EPCR are similar to the affinity of intact mem- 
brane-bound EPCR. These properties are, to our knowledge, 
unique to EPCR. 

Previous studies from this laboratory demonstrated that 
membrane-bound EPCR expressed on endothelial cells aug- 
ments protein C activation by a factor of three- to fivefold (8), 
whereas the current data demonstrate that the soluble form of 
EPCR purified from plasma inhibits protein C activation and 
APC anticoagulant activity. This contradiction predicts that 
EPCR could modulate the protein C pathway in several ways. 
First, in the larger vessels where thrombomodulin expression 
and density is reduced relative to the microcirculation, EPCR 
expression is correspondingly increased (43a) and may play a 
critical role in capturing the protein C substrate from the circu- 
lation and presenting it to the thrombin-thrombomodulin 
complex for activation. This hypothesis is supported by in vitro 
observations that both the EA.hy926 endothelial cell line and 
human umbilical vein endothelial cells have at least six times 
more surface-expressed EPCR antigen than thrombomodulin 
(Kurosawa, S., and D. Stearns-Kurosawa, unpublished obser- 
vations). In the microcirculation where thrombomodulin den- 
sity is high and EPCR is low, one would predict little influence 
on protein C activation. Finally, circulating soluble EPCR may 
reduce the generation of APC and the ability of APC to inacti- 
vate Factor Va. Previous studies with rsEPCR showed little ef- 
fects of protein S on the APC-EPCR interaction with Factor 
Va (11, 12), but more complete studies are needed to deter- 
mine the effect of the plasma EPCR- APC species on an as- 
sembled prothrombinase complex on cell surfaces. 

In a healthy individual, the soluble EPCR levels are — 2.5 
nM, a concentration well below both the (~ 30 nM) and 
the 80 nM protein C concentration in the circulation. Both of 
the effects of soluble plasma EPCR (inhibition of APC antico- 
agulant activity and protein C activation) required consider- 
ably higher concentrations than that present in normal plasma, 
leaving the question of the physiological role of the plasma 
EPCR uncertain. In preliminary studies we have found pa- 
tients with soluble EPCR levels that exceed 40 nM (manu- 
script in preparation). Thus, if the local concentration near the 
endothelial cell surface exceeds the systemic concentration, 
the soluble EPCR concentration could reach levels that could 
attenuate both APC generation and activity, possibly contrib- 
uting to a thrombotic risk. 

A soluble form of a receptor can be produced by pro- 
teolytic cleavage of the membrane-bound receptor, or by alter- 
native splicing mechanisms. Proteolysis at the membrane sur- 
face releases soluble thrombomodulin (18), and receptors for 
TNF, IL-1, IL-2, and PDGF (44). Soluble receptors have a 
multitude of potential functions, including acting as antago- 
nists of the membrane receptor, stabilizing the ligand, initiat- 
ing ligand-mediating signaling, downmodulation of the mem- 
brane form, and binding to receptor inhibitors to facilitate 
indirectly receptor-ligand activity. The latter mechanism is 
used by the IL-1 receptor system in which the soluble isoforms 
of both IL-1 receptors are generated by proteolytic cleavage, 
and tightly regulate the responsiveness to IL-la and IL-ip 
(45). The bovine EPCR genomic structure contains an alterna- 
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tive splicing site that would code for a soluble protein trun- 
cated just before the transmembrane domain (46). Interest- 
ingly, soluble IL-6 receptors appear to be generated by both 
proteolytic and alternative splicing mechanisms (47-49). 

Immunohistochemical studies have indicated that EPCR is 
located primarily on endothelium of large vessels, and is barely 
detectable in capillaries (43a). If the plasma EPCR is derived 
from membrane-bound EPCR, changes in plasma EPCR lev- 
els may serve as a marker of large vessel disease processes. In 
this sense, plasma EPCR may serve as an interesting compari- 
son to plasma thrombomodulin levels, which have been shown 
to be modulated in a variety of disease states, but which would 
reflect both large and small vessel disease processes. The pos- 
sibility of an alternatively spliced form of EPCR contributing 
to the plasma pool would have to be more rigorously tested 
before these studies would be interpretable. 

The previous observation that the rsEPCR-APC interac- 
tion blocks APC anticoagulant activity without modulating re- 
activity with plasma proteinase inhibitors (12) is indicative of a 
change in macromolecular specificity rather than simple en- 
zyme inhibition. This raises the possibility that the soluble 
plasma EPCR-APC complex has an alternative substrate, and 
the soluble form of EPCR may provide the function systemi- 
cally. This is reminiscent of the specificity switch induced in 
thrombin by binding to thrombomodulin in which the coagu- 
lant activities are lost with a subsequent gain in protein C acti- 
vation and anticoagulant activity (1, 10). While the exact role 
of plasma EPCR in vivo is unknown, it was demonstrated to be 
capable of modulating both the generation and the activity of 
APC in vitro. Further studies are needed to determine 
whether the soluble isoform of EPCR contributes to patho- 
logic processes involving the protein C pathway. 
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'T'he optimal therapeutic range for oral anticoagulant 

A therapy was reviewed by the Committee on Anti- 
thrombotic Therapy of the American College of Chest 
Physicians (ACCP) and the National Heart, Lung, and 
Blood Institute in 1986, in 1989, in 1992, and again in 
1995. 1 A recommendation was made that the intensity of 
warfarin (Coumadin) treatment should be reduced for 
many indications. 1 Since then, new clinical trials have been 
published that support these recommendations and the 
optimal therapeutic range for many indications has been 
clarified (Table 1). 

Progress has been made in the control of oral anticoag- 
ulant therapy because the importance of reporting the 
prothrombin time (PT) results as an international normal- 
ized ratio (INR) is now recognized. A recommendation of 
an INR of 2.0 to 3.0 is made for most indications. The 
exceptions are some types of mechanical prosthetic heart 
valves (see chapter on "Antithrombotic Therapy in Pa- 
tients With Mechanical and Biological Prosthetic Heart 
Valves", [page 602S]), postmyocardial infarction, and cer- 
tain patients with thrombosis and the antiphospholipid 
syndrome, for which an INR of 2.5 to 3.5 is recommended. 
Results of a number of recent studies — two randomized 
studies, one subgroup analysis of a prospective cohort 
study, and a case-control study — indicate that the effec- 
tiveness of warfarin in atrial fibrillation is reduced when 
the INR falls below 2.0 and is essentially lost when the 
INR falls below 1.5. In contrast, the Thrombosis Preven- 
tion Trial, 2 a primary prevention study in men free of 
ischemic heart disease at entry, reported that warfarin is 
effective in reducing myocardial ischemic events (includ- 
ing fatal events) when used at a targeted INR of 1.3 to 1.8 
(mean warfarin dose of 4.1 mg). The addition of low-dose 
aspirin to warfarin resulted in a further small benefit but at 
a risk of increased bleeding. 

In summary, the results of recent studies (1) do not 
support the use of fixed low-dose warfarin therapy for the 
treatment of patients with acute myocardial infarction or 
atrial fibrillation, (2) indicate that the effectiveness of 
warfarin is reduced when the INR is < 2.0, and (3) 
indicate ^that adjusted-dose warfarin therapy produces 
some benefit at an INR of 1.3 to 2.0 when used for 
primary prevention, and that an INR of > 1.5 confers 
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some benefit in patients with atrial fibrillation, although 
the benefit is clearly less than that which occurs with an 
INR of > 2.0. 

Mechanism of Action, Pharmacokinetics, 
and Pharmacodynamics of Warfarin 

Oral anticoagulants produce their anticoagulant effect 
by interfering with the cyclic interconversion of vitamin K 
and its 2,3 epoxide (vitamin K epoxide). Vitamin K is a 
cofactor for the post-translational carboxylation of gluta- 
mate residues to 7-carboxyglutamates (Gla) on the N- 
terminal regions of vitamin K-dependent proteins. 3 " 8 The 
process of 7-carboxylation permits the coagulation pro- 
teins to undergo a conformational change 9 - 11 in the 
presence of calcium ions, a necessary requirement for 
calcium-dependent complexing of vitamin K-dependent 
proteins to their cofactors on phospholipid surfaces and 
for their biological activity. Carboxylation of vitamin in- 
dependent coagulation factors is catalyzed by a carboxy- 
lase that requires the reduced form of vitamin K (vitamin 
KH 2 ), molecular oxygen, and carbon dioxide. During this 
reaction, the vitamin KH 2 is oxidized to vitamin K epoxide, 
which is recycled to vitamin K by vitamin K epoxide 
reductase, which in turn is reduced to vitamin KH 2 by 
vitamin K reductase. The vitamin K antagonists exert their 
anticoagulant effect by inhibiting vitamin K epoxide re- 
ductase 3 " 5 and possibly vitamin K reductase. 4 This process 
leads to the depletion of vitamin KH 2 and limits the 
7-carboxylation of the vitamin K-dependent coagulant 
proteins (prothrombin, factor VII, factor IX, and factor X). 
In addition, the vitamin K antagonists limit the carboxyla- 
tion of the regulatory anticoagulant proteins (protein C 
and protein S), and as a result impair their function. By 
inhibiting the cyclic conversion of vitamin K, oral antico- 
agulants result in the hepatic production and secretion of 
partially carboxylated and descarboxylated proteins. 12 - 13 
Reduction of the number of Gla residues on the pro- 
thrombin molecule from the normal complement of 
10-13 to 9 Gla residues results in a 30% reduction in 
coagulant activity, while reduction to < 6 residues results 
in a loss of > 95% of coagulant activity. 1415 A possible 
association with osteoporosis between warfarin use and 
osteoporosis in postmenopausal women has been sug- 
gested, but definitive evidence for such an association is 
lacking. The anticoagulant effect of warfarin can be over- 
come by low doses of vitamin K x , because the oxidized 
form of the vitamin can be reduced through a different 
warfarin-resistant vitamin K reductase enzyme system that 
is operative at high tissue concentrations of vitamin K x 
(Fig 1). It is for this reason that patients become warfarin 
resistant for up to a week or more if given large doses of 
vitamin K v 

Effects of Warfarin on Bone Metabolism 

Gla proteins synthesized in bone include osteocalcin, 
protein S, and matrix Gla protein. 16 " 18 Warfarin interferes 
with the carboxylation of these proteins and inhibits the 
effect of vitamin K in osteoblasts. 19 These effects of 
warfarin could be responsible for bone abnormalities that 
can occur in neonates from women treated with warfarin 
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Table l-Recomtnended Therapeutic Range for Oral 
Anticoagulant Therapy 



Indication 



INR 



Prophylaxis of venous thrombosis (high-risk surgery) 
Treatment of venous thrombosis 
Treatment of pulmonary embolism 
Prevention of systemic embolism 
Tissue heart valves 

AMI (to prevent systemic embolism)* 

Valvular heart disease 

Atrial fibrillation 
Mechanical prosthetic valves (high risk) 
Bileaflet mechanical valve in aortic position 



2.0-3.0 



2.5-3.5 
2.0-3.0 



^To^ticoagulant therapy is elected to pre^nT^current myo- 
llal infarction, an INR of 2.5 to 3.5 is recommended, consistent 
with Food and Drug Administration recommendations. 



during pregnancy However, there is no evidence that 
warfarii his adverse effects on bone metabohsm when 
administered to children or adults. 

PHARMACOKINETICS AND PHARMACODYNAMICS 

of Warfarin 
Warfarin (a 4-hydroxy compound) is the most widety 
used oral anticoagulant in North America. It has a pre- 
dictable onset and duration of action and excellent bio- 
availability 2223 Warfarin is almost always administered ny 
the oral route, although an injectable preparation is 
available in the United States. Warfarin is a racemic 
Sure of roughly equal amounts of two optically acbve 
"o^rs, the Rand S forms. Warfarin is rapuU) ^absor^d 
from the GI tract and reaches maximal blood concentra- 
tions in healthy volunteers in 90 min .«m Racemic . warfa- 
rin has a half-life of 36 to 42 h;» it circulates bound to 
plasma proteins (mainly albumen) and rapidly accumu- 
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CH 2 KO 



\. Warfarin/ 
^" Blocks 

< reductase - warfarin sensitive 

V E - warfarin sensitive 

I K ukm decent reductase - not affected by warfarin 

F.rim E 1 Vitamin K, is reduced to vitamin KH 2 by two 
wS-sen^enzyrnes (KO-reductase to ^reductase) and 
STnADH dependent reductase system that is insensitive to 
warfarin. 
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lates in the liver where the two isomers are metabolically 
transformed by different pathways.** The dose response 
relationship of warfarin differ, between healthy subjects* 
and can vary to a much greater extent among sick patient 
Because of the variations in dose response in individual 
patients during the course of anticoagulant therapy, their 
anticoagulant dosage must be monitored closely to prevent 

ohannacokinetic factors (due to differences in absorption 
pr^Mic clearance of warfarin) and pharmacodynamic 
Sctors (due to differences in the hemostatic response to 
Zt concentrations of warfarin) Technical factors also 
contribute to the apparent variability in response includ- 
ing inaccuracies in laboratory testing and ■"eP ort, "g^ 
patient compliance, and poor communication between 
patient and physician. Occasionally, the cause of the 
Sable response within individual patients remains unex- 

Pl Dmt can influence the pharmacokinetics of warfarin 
by reducing its absorption from the intestine or by al enng 
its metabohc clearance. The anticoagulant effect of war- 
feriTis reduced by cholestyramine, which impairs its 
^tiomlt can be potentiated by drugs that inhibit the 
ttabolic clearance of warfarin either through stereo e- 
£*ve or nonselective pathways.— Stereoselective in- 
teractions can affect the oxidative metabohsm of the 
S sler or R-isomer of warfarin."* Inhibition of metab- 
ohsm of S-warfarin is more important chnically because 
Ts isomer is five times more potent as a vuamin K 
antagonist than the R-form.^ Therefore drugs that 
SS clearance of the S-isomer prolong the FT to a ^much 
™Ler degree than drugs that inhibit the metabolic 
clearance of die R-isomer. The clearance of S-warfann is 
uSSby phenylbutazone sulfinpyrazone^ metro- 
Slle-^nd tnmethoprim-smfamemoxazole,» aU of 
which have been documented to potentiate the effect of 
warfarin on the FT. In contrast, drugs such as cimeudine 
Id ^eprazole, which only inhibit the metabolic clear- 
ance of Ae R-isomer, have only moderate potentiating 
effects on the FT in patients treated with oral anncoagu- 
£££ Arniodarone inhibits the metabohc clearance 
oTboth the S- and R-isomers and has an important 
potentotini effect on the anticoagulant effect of warfa- 
The anticoagulant effect of warfarin is inhibited by 
Sugs such as barbiturates," rifampicin* and carbamaz- 
S tL increase its metabohc clearance by mducng 
Sty of hepatic mixed oxidases. I^ng-term alcohol use 
ff£ potential to increase the clearance of warfarmby 
hepatic enzyme induction, although studies have shown 
Z evenTlatively high wine consumption does not 
influence the PT in subjects treated with warfarin.** For a 
m ore trough discussion of the effect of enzyme induc- 
tion onwarfarin therapy, the reader is referred to a recent 
critical review of the literature** (Table 2). 

Tne pharmacodynamics of warfarin are affected by 
many factors that can influence its an ticoagulan effect. 

Hereditary resistance to warfarin has been described in 
rats*? and humans.*^ The affected humans require war- 
ton in doses that are 5- to 20-fold higher than average o 
Seve an anticoagulant effect. This disorder is thought to 

Rfth ACCP Consensus Conference on Antithrombotic Therapy 



Table 2 — Enzyme-Inducing Drug Interactions With Warfarin* 



Inducing Agent 



Isoenzyme 
Induced** 



Expected 
Onset, d 



Anticipated Dosage 
Adjustments, % 



Expected 
Offset, d 



Predictive 
Confidence 



Carbarn azepi n e 


CYP3A4 




Barbiturate! 


CYP3A 


7-30 


Phenytoin 


Nonspecific 


NA 


Rifampin 


CYP3A4 


<7 


Griseofulvin f 


? 


60 


Nafcillin 


NA 


<7 


Dicloxacillin 


NA 


<7 


Aminoglutethimide§ 


CYP2B1 


14 


Smoking 


CYPlAl, 1A2 


NA 


Alcohol 


CYP2E1 




41-54 g<8 






250 g# 




NA 



t 100 
t 12.5-25 

t I 
t 100-200 

t 40 
t 100-400 

T 2-30 
f 50-75 
III 



42 

> 42 

NA 
21 

NA 
7-28 

NA 
14 

NA 



NA 



+ + + 
+ + + + 
+ 

+ + + + 
+ + + 
+ + + 
+ + + 
+ + + 
-f + + 

+ + + + 
+ + + 



♦Upward arrow - an increase in warfarin dosage is anticipated with initiation of the inducing agent; downward arrow - a decrease in warfarin 
dosage is anticipated with initiation of inducing agent; side-to-side arrow = no change in warfarin dosage appears necessary based on available 
data; NA = not available. 

♦"Information regarding induction of cytochrome-450 isoenzymes is limited; current literature supports specific isoenzyme induction by the listed 
agent. 

f Class effect, although time course and extent may vary with the individual barbiturate. 
^Interaction is more likely with the ultramicrocrystalline formulation of griseofulvin. 

§Dose-response relationship, so that 250 mg 4 times a day showed greater induction than 125 mg 4 times a day. 
IJWarfarin clearance increased, but a corresponding change in PT was not reported. See text for further details. 
^Represents ingestion of 41 to 54 g of ethanol consumed either as a single dose or daily for 21 days. 
#Represents ingestion of large amounts of ethanol (250 g) consumed daily for > 3 months. 



be caused by an altered affinity of the receptor for 
warfarin since the plasma warfarin levels required to 
achieve an anticoagulant effect are much higher than 
average. There are also rare anecdotal reports of acquired 
resistance to warfarin that cannot be explained by lack of 
compliance, by excessive vitamin K ingestion, or by the 
use of interacting drugs. 

Subjects receiving long-term warfarin therapy are sen- 
sitive to fluctuating levels of dietary vitamin K 40 - 41 that is 
obtained predominantly from phylloquinone in plant ma- 
terial. 41 Phylloquinone acts through the warfarin-insensi- 
tive pathway. 42 The phylloquinone content of a wide range 
of foodstuffs has been listed by Sadowski and associates. 43 
Additionally, two lists of the vitamin K content of various 
foods are available on the Internet at <www.nal.usda.gov/ 
fmc/foodcomp/Data/OmerMtk2.dat> and < www. Wisconsin. 
4biznet/health/factor-v/vkchartl.htm>. It is possible that 
the seasonal effect of oral anticoagulant regimens reported 
by Manotti and associates 44 was the result of seasonal 
variation of intake of fresh vegetables. 

Important fluctuations in vitamin K intake occur in both 
apparently healthy and sick subjects 45 Increased intake of 
dietary vitamin K sufficient to reduce the anticoagulant 
response to warfarin 40 occurs in patients on weight reduc- 
tion diets (rich in green vegetables or vitamin K-contain- 
ing dieting supplements) and those treated with IV nutri- 
tional fluid supplements rich in vitamin K. The effects of 
warfarin can be potentiated in sick patients with poor 
vitamin K t intake (particularly if they are treated with 
antibiotics and IV fluids without vitamin K supplementa- 
tion) and in states of fat malabsorption. Hepatic dysfunc- 
tion also potentiates the response to warfarin through 
impaired synthesis of coagulation factors. Hypermetabolic 



states produced by fever or hyperthyroidism increase 
responsiveness to warfarin probably by increasing the 
catabolism of vitamin K-dependent coagulation fac- 
tors. 46 - 47 Drugs can influence the pharmacodynamics of 
warfarin by inhibiting the synthesis of vitamin K-depen- 
dent coagulation factors, by increasing the metabolic 
clearance of vitamin K-dependent coagulation factors, and 
by interfering with other pathways of hemostasis (Table 3). 
The anticoagulant effect of warfarin is augmented by the 
second- and third-generation cephalosporins because 
these antibiotics inhibit the cyclic interconversion of vita- 
min K, 48 - 49 by thyroxine because this hormone increases 
the rate of metabolism of coagulation factors, 47 and by 
clofibrate through an unknown mechanism. 50 High doses 
of salicylates > 1.5 g and acetaminophen 51 - 52 have also 
been reported to augment the anticoagulant effect of 
warfarin, 53 possibly by warfarin-like action. Although hep- 
arin increases the anticoagulant effect of warfarin, it 
causes only a slight prolongation of the PT in therapeutic 
doses! 

Drugs such as aspirin, 54 other nonsteroidal anti-inflam- 
matory drugs, 55 high doses of penicillins, 56 - 57 and moxalac- 
tam 49 can increase the risk of warfarin-associated bleeding 
by inhibiting platelet function. Aspirin is the most impor- 
tant because of its widespread use and prolonged effect on 
hemostasis. 58 Aspirin and nonsteroidal anti-inflammatory 
drugs can also produce gastric erosions that increase the 
risk of serious upper GI bleeding 57 The risk of clinically 
important bleeding is increased when high doses of aspirin 
are used in combination with high-intensity warfarin ther- 
apy (INR, 3.0 to 4.S). 54 - 59 A study in patients with pros- 
thetic heart valves has also reported that low doses of 
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Table 3-Dru g and Food Interaction, With Warfarin by IW of Supporting Evidence and Direction of Interaction* 



Level of 
Evidence 



Potentiation 



Inhibition 



No Effect 



I Alcohol (if concomitant liver disease) 

amiodarone (anabolic steroids, 
cimetidine.t clofibrate, cotrimoxazole 
erythromycin, fluconazole, isoniazid 
[600 mg daily] metronidazole), 
miconazole, omeprazole, 
phenylbutazone, piroxicam, 
propafenone, propranolol,! 
sulfinpyrazone (biphasic with later 
inhibition) 

II Acetaminophen, chloral hydrate, 

ciprofloxacin, dextropropoxyphene, 
disulfiram, itraconazole, quinidine, 
phenytoin (biphasic with later 
inhibition), tamoxifen, tetracycline, flu 
vaccine 

HI Acetylsalicylic acid, disopyramide, 

fluorouracil, ifosfhamide, ketoprofen, 
lovastatin, metozalone, moricizine, 
nalidixic acid, norfloxacin, ofloxacin, 
propoxyphene, sulindac, tolmetin, 
topical salicylates 

IV Cefamandole, cefazolin, gemfibrozil, 

heparin, indomethacin, sulfisoxazole 

*Drugs bold type are those that have supporting level I 
tin a small number of volunteer subjects, an inhibitory 
J Level II evidence of potentiation in patients. 



Barbiturates, carbamazepine, 
chlordiazepoxide, cholestyramine, 
griseofulvin, nafcillin, rifampin, 
sucralfate, high vitamin K content 
foods/enteral feeds, large amounts of 
avocado 



Dicloxacillin 



Azathioprine, cyclosporine, etretinate, 
trazodone 



Alcohol, antacids, atenolol, bumetadine, 
enoxacin, famotidine, fluoxetine, 
ketorolac, metoprolol, naproxen, 
nizatidine, psyllium, ranitidine! 



Ibuprofen, ketoconazole 



Diltiazem, tobacco, vancomycin 



evidence from both patients and volunteers, 
drug interaction occurred. 



aspirin (100 mg/d) 60 increase the risk of minor bleeding 
and produced a nonsignificant trend to increase the risk of 
major bleeding. 

Other drugs, including erythromycin 61 and some ana- 
bolic steroids, 62 potentiate the anticoagulant effect of 
warfarin through unknown mechanisms. Sulfonamides 
and many broad-spectrum antibiotics have the potential to 
augment the anticoagulant effect of warfarin by eliminat- 
ing bacterial flora and, thereby, producing vitamin K 
deficiency, but these agents only potentiate the anticoag- 
ulant effect of warfarin in patients receiving a vitamin 
K-deficient diet. 63 

Wells and associates 64 performed a critical analysis ot 
articles reporting a possible interaction between drugs or 
foods and warfarin. The entire Medline and Toxline 
databases were searched and each report was rated inde- 
pendently and received a score representing the level of 
assurance that a clinically important interaction had or had 
not occurred. Studies were assigned to a level 1 category if 
an interaction was considered to be highly probable, to a 
level 2 category if an interaction was probable, level 3 if it 
was possible, and level 4 if it was doubtful. Of the 751 
citations retrieved, 172 were original reports and these are 
summarized in Table 3. Thirty-nine of the 81 different 
drugs and foods appraised were judged to have strong 
evidence: 17 potentiating warfarin effect, 10 inhibiting, 
and 12 producing no effect. Many other drugs either 
interact with oral anticoagulants or have been reported to 
alter the FT response to warfarin, 65 - 66 but in most of these 
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reports, convincing evidence of a causal association is 
lacking. Although acetaminophen has never been consid- 
ered to have a major impact on warfarin therapy, except 
perhaps at very high doses, a recent descriptive study 
noted that even low to moderate doses of acetaminophen 
(at least nine tablets per week) was associated with 
excessively elevated INR values. Whether this is a true 
association is uncertain, but it would be prudent to 
monitor the INR more frequently whenever a change is 
made in concomitant therapy. Similarly, it would be 
prudent to take special care when treatment with any new 
drug is necessary in patients who are being treated with 
oral anticoagulants and to monitor the PT more frequently 
during the initial stages of combined drug therapy with 
dose adjustments made, when appropriate. 

Monitoring Oral Anticoagulant Therapy 

The PT test is the most common method used for 
monitoring oral anticoagulant therapy 67 The PT is respon- 
sive to depressions of three of the four vitamin in- 
dependent procoagulant clotting factors (factors II, VII, 
and X) These are reduced by warfarin at a rate propor- 
tionate to their respective half-lives. The PT is performed 
by adding calcium and thromboplastin to citrated plasma. 
The term "thromboplastin" traditionally refers to a phos- 
pholipid-protein extract of tissue, usually lung, brain, or 
placenta, that contains both the tissue factor and the 
phospholipid necessary to promote the activation of factor 
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* X by factor VII. Recently developed thromboplastins 
utilize recombinant human tissue factor and defined phos- 
pholipid preparations. During the first few days of warfa- 
rin therapy, the PT reflects primarily the depression of 
factor VII, which has a half-life of only approximately 6 h. 
Subsequently, the test is prolonged also by depression of 
factors X and II. The "responsiveness" of a given throm- 
boplastin to warfarin-induced changes in clotting factors 
mirrors the strength of the activation of factor X by factor 
VII as the levels of both of the clotting factors decrease. 
An "unresponsive" thromboplastin results in a lesser pro- 
longation of the PT for a given reduction in vitamin 
K-dependent clotting factors than a more responsive 
thromboplastin. 

Thromboplastins vary in their responsiveness to the 
anticoagulant effects of warfarin depending on their tissue 
of origin, phospholipid content, and method of prepara- 
tion. M ' 71 In the past, when the PT was expressed in 
seconds or as a simple ratio of the patient to normal PT, 
this led to confusion regarding the appropriate therapeutic 
range and dose of warfarin. For example, it takes a lower 
dose of warfarin to prolong the PT ratio to 2.0 if a 
responsive reagent (low international sensitivity index 
[ISI]) is used to measure the PT than it does if a less 
responsive (high ISI) reagent is used. During the 1980s, 
most laboratories in the United States used reagents with 
an ISI between 1.8 and 2.8, while many laboratories in 
Europe used more responsive reagents with ISIs of 1.0 to 
1.4. The differences in the responsiveness of thromboplas- 
tins were mainly responsible for the clinically important 
differences in the dosage of oral anticoagulants used in 
different countries, as shown by Poller and Taberner. 71 
Recognition of the clinical importance of these differences 
in reagent responsiveness led to the development and 
widespread adoption of the INR as a method to standard- 
ize monitoring of oral anticoagulant therapy. 

In the study by Bussey and associates, 72 published in 
1992, the ISI of the thromboplastins used in the United 
States varied between 1.4 and 2.8. Since that time, there 
has been an increase in the use of thromboplastins with 
lower ISI values (te, more responsive thromboplastins) in 
the United States and Canada. For example, the recom- 
binant human preparations, consisting of relipidated syn- 
thetic tissue factor, have ISI values of between 0.9 and 
1.0 73 

Since the efficacy of warfarin is reduced when the INR 
falls below 2.0, care should be taken to ensure that the 
INR is always maintained at 2.0 or higher when targeting 
an INR of 2.0 to 3.0; this can be ensured by aiming for an 
INR of about 2.5 when the targeted range is 2.0 to 3.0. 
Similarly, when the targeted INR is 2.5 to 3.5, it would be 
prudent to aim for an INR of about 3.0. 

The Antithrombotic Effect of Warfarin 

The conventional view is that the antithrombotic effect 
of warfarin reflects its anticoagulant effects and is medi- 
ated through its ability to inhibit thrombin generation by 
reducing the levels of the four vitamin K-dependent 
coagulation factors. There is evidence, however, that the 
reduction of prothrombin, and possibly factor X, is more 



important than reduction of factors VII and IX for the 
antithrombotic effect of warfarin. The evidence support- 
ing this hypothesis is not definitive and comes from the 
following observations. First, the experiments of Wessler 
and Gitel 74 performed > 40 years ago using a stasis model 
of thrombosis in rabbits showed that the antithrombotic 
effects of warfarin require 6 days of treatment, whereas an 
anticoagulant effect is seen within 2 days. These data are 
consistent with an explanation that the antithrombotic 
effect of warfarin requires a reduction in the level of 
prothrombin, since this zymogen has a half-life of about 
72 h, whereas the other K-dependent factors have half- 
lives of 6 to 24 h that contribute to and are responsible for 
warfarin's earlier anticoagulant effect. Second, in more 
recent experiments, in a rabbit model of tissue factor- 
induced intravascular coagulation, Zivelin et al 75 demon- 
strated that the protective effect of warfarin primarily 
reflected its ability to lower prothrombin levels. Thus, 
selective infusion of prothrombin, and to a lesser extent 
factor X, abolished the protectiv e effects of warfarin in this 
model. In contrast, infusion of factor VII or factor IX had 
no effect. Third, using fibrinopeptide A (FPA) generation 
as an index of clot-associated thrombin activity, Patel and 
associates 76 demonstrated that clots formed from cord 
plasma (which contains about 50% of the prothrombin 
concentration of control adult plasma) generated signifi- 
cantly less FPA than clots formed from adult plasma. That 
the reduced activity of the clot from cord blood is due to 
the reduced levels of prothrombin in cord plasma was 
confirmed by the demonstration that (1) FPA generation 
by cord plasma clots became identical to that of adult 
plasma clots when the cord plasma was supplemented with 
adult levels of prothrombin, even though all of the vitamin 
K-dependent coagulation factors were reduced in cord 
plasma, and (2) that clot-induced FPA generation in 
prothrombin-depleted plasma is dependent on the level of 
prothrombin. 

The biological rationale that warfarin exerts its anti- 
thrombotic effect through its ability to reduce pro- 
thrombin levels comes from the recent observations 
that clot-bound thrombin is an important mediator of 
clot growth. 77 Reduction in prothrombin levels de- 
creases the amount of thrombin that can be generated 
and bound to fibrin and so reduces the thrombogenocity 
of the clot. 76 Thrombin bound to fibrin is enzymatically 
active and protected from inactivation by fluid-phase 
inhibitors. As a result, fibrin-bound thrombin acts as a 
reservoir that can locally amplify its own generation by 
activating platelets and factors V and VIII. There are 
two reasons why the concept that the antithrombotic 
effect of warfarin reflects its ability to lower prothrom- 
bin levels is of potential clinical importance. First, it 
provides a rationale for overlapping heparin with war- 
farin in the treatment of patients with thrombotic 
disease until the prothrombin level is lowered into the 
therapeutic range. Given that prothrombin has a half- 
life of about 60 h, an overlap of at least 4 days is 
necessary to achieve this. Second, it supports the 
contention of Furie and colleagues 78 that the levels of 
native prothrombin antigen are better than PTs for 
monitoring warfarin therapy because they more closely 
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reflect the antithrombotic activity of warfarin. Third, it 
supports the use of a maintenance dose of warfarin 
(approximately 5 mg) to initiate warfarin therapy, since 
based on a recent study, 79 the rate of lowering of 
prothrombin levels was similar when warfarin treatment 
was initiated with either a 5-mg or a 10-mg dose. 
However, the level of the anticoagulant protein, protein 
C, was reduced more rapidly and more patients were 
overanticoagulated (INR > 3.0) with the 10-mg loading 
dose. 

At present, the clinical importance of these theoretical 
Y advantages of starting warfarin therapy with a 5-mg dose is 
uncertain and requires further study. 

Standardization of the Prothrombin Time 

The history of standardization of the PT has been 
reviewed by Poller 69 and by Kirkwood. 80 A standardized 
human brain thromboplastin reagent, the Manchester 
Comparative Reagent, was introduced in 1962 and used 
by nearly all hospitals in the United Kingdom for > 20 
years until 1985. In 1977, the World Health Organiza- 
tion (WHO) designated a batch of human brain throm- 
boplastin as the first international reference preparation 
(IRP) for thromboplastin. 69 - 80 The first IRP was later 



replaced by a new primary and three secondary refer- 
ence thromboplastins. A calibration system was devel- 
oped, based on the assumption that a linear relationship 
would exist between the logarithm of the PT obtained 
with the reference and test thromboplastins. 69 - 80 - 81 This 
calibration model adopted in 1982 is used to standardize 
the reporting of the PT by converting the PT ratio 
observed with the local thromboplastin into an INR, 
calculated as follows: 




Patient PT \ 
Mean Normal PT/ 



ie, log INR = ISI X log observed PT ratio 

where ISI is the power value that represents the Interna- 
tional Sensitivity Index (ISI). A specially designed nomo- 
gram provides INR values from the prothrombin ratio 
value obtained with a thromboplastin reagent and its ISI 
without the need for calculations (Fig 2). 82 The ISI is a 
measure of the responsiveness of a given thromboplastin 
to reduction of the vitamin K-dependent coagulation 
factors compared with the first WHO IRP; the lower the 
ISI, the more responsive is the reagent. The INR is the PT 
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ratio one would have obtained if the WHO first IRP had 
been used to perform the PT on the same sample with the 
manual PT technique. 69 80 

Most commercial manufacturers are now providing ISI 
values for their reagents and the INR system of PT 
standardization is being adopted by an increasing number 
of hospitals in North America. Recently, thromboplastins 
with recombinant tissue factor have been introduced. 
They have an ISI of approximately 1.0 and therefore the 
recorded PT ratio is essentially equivalent to the INR. The 
increased implementation of INRs in the United States is 
reflected by data from the College of American Patholo- 
gists Comprehensive Coagulation Survey that shows that 
participant usage climbed from 21.1% in 1991 to 97.3% in 
1997.* 3 

With the increasing use of the INR system to replace 
the FT ratio method of reporting, a number of problems 
have been identified with the INR system. These prob- 
lems are listed in Table 4. 

Potential Problems With the INR System 

1. The Lack of Reliability of the INR System When 
Used at the Onset of Warfarin Therapy and for 
Screening for a Coagulopathy in Patients With 
Liver Disease 

The PT is responsive to reduction of three of the four 
vitamin K-dependent procoagulants, factor II, factor VII, 
and factor X, but individual thromboplastin reagents vary 
in their sensitivity to decreases in these clotting factors, 84 - 85 
particularly to factors VII and X. Since these three vitamin 
K-dependent clotting factors have varying rates of plasma 
clearance, their relative contributions to the prolongation 
of the PT are different during the induction phase of 
warfarin therapy (first few days) than during the subse- 
quent weeks to months of treatment. 86 Thus, during the 
first 2 to 5 days of warfarin treatment, the prolongation of 
the PT is mainly the result of a reduction in the level of 
functional factor VII, with some contribution from a 
decrease in factor X levels. In contrast, during longer-term 
anticoagulation, the prolongation of the PT reflects a 
decrease in all three of the vitamin K-dependent coagu- 
lation factors. 



Table 4— Potential Problems With the INR 

Problems 

1. Lack of reliability of the INR system when used at the onset of 
warfarin therapy and for screening for a coagulopathy in 
patients with liver disease. 

2. Relationship between precision of the INR determination and 
reagent ISI. 

3. Effect of instrumentation in ISI values. 

4. Lack of reliability of the ISI result provided by the 
manufacturer. 

5. Incorrect calculation of the INR resulting from the use of 
inappropriate control plasma. 

6. Problems with citrate concentration and interference with lupus 
anticoagulant with thromboplastins with low ISI values. 



The INR system is based on ISI values derived from the 
plasma of patients stabilized on anticoagulant treatment 
for at least 6 weeks. 87 As a result, the INR is less reliable 
early in the course of warfarin therapy, particularly if 
results are obtained from different laboratories. However, 
even in this situation, the INR system is much more 
reliable than the PT in seconds or the unconverted PT 
ratio and, from the point of view of clinical management, 
it appears to be an effective and safe way of monitoring 
warfarin therapy. 88 Therefore, we recommend that the 
INR be used as the method of reporting during initiation 
and maintenance of warfarin treatment. Use of a single 
laboratory, particularly during the initiation phase of anti- 
coagulation, may improve the reliability of monitoring. 

The ACCP committee were unanimous in their view 
that the INR system of reporting should be used both 
during the initiation and maintenance of warfarin treat- 
ment. 

The reliability of reporting the PT ratio as an INR when 
screening patients with liver disease has also been ques- 
tioned. However, the results of a recent publication 
indicate that the INR is valid in patients with liver 
disease 89 

2. Relationship Between Precision of the INR 
Determination and Reagent ISI 

As the INR is calculated by raising the PT ratio to the 
power of the ISI (INR = [PT ratio] 151 ), it follows that the 
coefficient of variation (CV) of the INR is related to both 
the CV of the PT ratio and the value of the ISI. Indeed, if 
the ISI is assumed to be a constant, then the following 
formula can be derived: CV of the INR = ISI X CV of the 
PT ratio. 90 This relationship suggests that the precision of 
the INR can be improved by using reagents with very low 
ISIs. Interlaboratory proficiency surveys have provided 
some evidence for this, but the effect on precision appears 
to be modest (Fig 3).^-^ A major reason for this is the 
observation that the CV of the PT ratio is not independent 
of the ISI. Specifically, more responsive reagents yield 
longer PTs for a given degree of anticoagulation. Often 
these longer PTs are associated with poorer precision; that 
is, the longer the PT, the higher the CV of the PT ratio. 83 
Consequently, as the ISI decreases, the CV of the PT ratio 
increases. Optimal precision is therefore obtained when 
the product of the IS! and the CV of the PT ratio is lowest. 
This point has not been defined for most PT test systems 
in clinical use. 

Another contributing factor to interlaboratory impreci- 
sion is the observation that the ISI is not a constant — that 
is, there is error in the ISI value. Variation in the ISI itself 
contributes to the overall interlaboratory CV of the INR. 
Recent studies have shown that there is a relationship 
between the ISI value and its interlaboratory variability, 
with higher ISI reagents giving a higher interlaboratory 
CV for the ISI. 93 * 94 This imprecision of the ISI value may 
contribute to the imprecision associated with higher ISI 
reagents on interlaboratory proficiency surveys. 

The relationship between precision of the INR and test 
systems is complex and appears to be dependent on both 
the reagent and instrument. In general, laboratories 
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should select test systems that improve overall INR pre- 
cision. Use of responsive (ISI < 1.7) reagents with accu- 
rate and precise ISI values may significantly improve INR 
precision. Use of reagents on instruments for which the 
ISI has not been determined should be avoided, if at al! 
possible. 

3. Effect of Instrumentation on ISI Values 

The INR system is based on a mathematical relation- 
ship between the PT ratios obtained with test thrombo- 
plastin and the IRP using a manual method of clot 
detection. However, most laboratories now use automated 
clot detectors, thereby introducing a new variable. This 
variable does affect the accuracy of the INR system. 9 ^ 100 
The variance in the ISI determinations is reduced signif- 
icantly by calibrating the instrument with lyophilized 
plasma calibrants prepared by depleting plasma of vitamin 
K-dependent clotting factors w.101.102 The effect can be 
offset by calibrating each new batch of thromboplastin 
reagent with plasmas with certified PT values. 94101102 
Thus, the problem resulting from the use of automated 
instruments to measure the INR can be minimized by 
using sensitive thromboplastins (ISI values of < 1.7) and 
by calibrating each new batch of thromboplastin with 
plasma calibrants with certified PT values. A similar 
conclusion was reached by a consensus of the College of 
American Pathologists further stating that laboratories 
should use reagent/instrument combinations for which the 
ISI has been established. 103 

4. Lack of Reliability of the ISI Result Provided by 
the Manufacturer 

A number of investigators have noted that the ISI value 
provided by the manufacturer for each new batch of 
thromboplastin reagent may be incorrect. 104 " 106 This prob- 
lem can be solved by ensuring that manufacturers assign 
reliable ISI values to their thromboplastins. Commercial 
reagents should be calibrated against the relevant IRP or 
in-house standard in a full fresh plasma calibration. Local 
calibrations can be performed with plasma samples with 
known certified PT values to determine the instrument- 
specific ISI. 

5. Incorrect Calculation of the INR Resulting From 
the Use of Inappropriate Control Plasma 

The PT ratio is calculated by dividing the patient's PT 
by the mean normal plasma PT. The mean normal plasma 
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Figure 3. PT ratios equivalent to INR of 2.0 
to 3.0 over a range of ISI values. 

PT is not interchangeable with a laboratory control PT, 
since these values can be substantially different. 107 There- 
fore, the use of a laboratory control PT instead of a 
properly defined mean normal PT can lead to erroneous 
INR calculations, particularly with less responsive re- 
agents. The mean normal PT is determined by measuring 
the PT on fresh plasma samples obtained from at least 20 
healthy individuals of both sexes over a range of age 
groups. Since the distribution of PT values is not normal, 
log-transformation and calculation of a geometric mean 
are recommended. The mean normal PT should be deter- 
mined with each new batch of thromboplastin reagent 
using the same instrument as is used to assay the patient's 
jxr/ 4 io7 

6. Problems With Citrate Concentration and 
Interference With Lupus Anticoagulant With 
Thromboplastins With Low ISI Values 

The concentration of citrate used to anticoagulate 
plasma does have an effect on the INR obtained. 108 " 110 In 
general, higher citrate concentrations (3.8%) lead to 
higher INR values; in one recent study, the INR was an 
average of 19% greater with 3.8% citrate. 108 In addition, 
with the higher citrate concentration, it is more likely that 
minor underfilling of the collection tube will cause spuri- 
ous prolongation of the PT due to the excess citrate 
present in the test system under such conditions. The ISI 
of reagents is generally calibrated with plasmas collected 
into 3.2% citrate while about two thirds of laboratories in 
the United States use 3.8% citrate as an anticoagulant. 83 In 
some cases, laboratories may receive samples collected 
into either 3.2% or 3.8% citrate. Often the concentration 
used to collect the sample is not known by the laboratory. 
This creates a problem for the laboratory, as it cannot 
apply a uniform correction factor for the effect of citrate. 
For all these reasons, there is an emerging consensus that 
laboratories should use 3.2% citrate for all routine coagu- 
lation studies. However, use of 3.8% citrate is still recom- 
mended for platelet aggregation studies. 

Lupus anticoagulants are known to be associated with 
an increased risk of thrombosis. Consequently, it is not 
uncommon for patients with lupus anticoagulants to be 
placed on a regimen of oral anticoagulant therapy. Evi- 
dence form observational studies suggests that the thera- 
peutic range for patients with lupus anticoagulants is 
closer to 2.5 to 3.5 rather than 2.0 to 3.O. 111112 The reasons 
why a higher INR is necessary are not known. It is possible 
that the requirement for a higher INR is due to lupus 
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anticoagulants interfering with the PT. Lupus anticoagu- 
lants typically cause prolongation of the activated partial 
thromboplastin time, but they may also cause mild pro- 
longation of the PT or, in the presence of specific 
antibodies to prothrombin, significant prolongation of the 
PT. The degree of prolongation of the PT induced by 
lupus anticoagulants appears to be dependent on the 
reagent used. 1,3 In a recent study, it was found that the 
INR obtained on samples from patients with lupus anti- 
coagulants receiving oral anticoagulants differed signifi- 
cantly between reagents. The difference in INR values 
between reagents ranged from 0.4 to 6.5. 1,3 Delia Valle et 
a! 114 also found a discordance between INRs obtained with 
different reagents on samples from patients with lupus 
anticoagulants receiving oral anticoagulant therapy. These 
data point to a synergistic effect on the PT by lupus 
anticoagulants and oral anticoagulant therapy. 

The optimal method of monitoring patients with lupus 
anticoagulants has not been defined using rigorous meth- 
ods. In addition to modifying the therapeutic range, as 
suggested by observational studies, it has been suggested 
that the prothrombin and proconvertin test, in which 
supplemental bovine fibrinogen and factor V are added, 
may be a useful assay in patients with lupus anticoagu- 
lants. 115116 In this study, the patient's dose was adjusted to 
give a prothrombin and proconvertin result of 15 to 20%. 
A standard PT was then performed at the same time to 
determine the corresponding therapeutic PT/INR. The 
patient was subsequently followed up with routine PTs/ 
INRs. Other alternatives include measurement of pro- 
thrombin activity or native prothrombin concentra- 
tion. 78113117118 

Practical Dosing 

Following administration of warfarin, an observable 
anticoagulant effect is delayed until newly synthesized 
dysfunctional vitamin K-dependent clotting factors re- 
place the normal clotting factors as the latter are cleared 
from the circulation. Depending on the dose adminis- 
tered, the delay may range from 2 to 7 days. If a rapid 
anticoagulant effect is required, an initial dose of heparin 
should be used and overlapped with warfarin for at least 4 
days. Although it has been common practice to commence 
warfarin therapy with a loading dose, such an approach is 
unnecessary in most patients, and there are theoretical 
reasons to start with an estimated maintenance dose of 
about 5 mg of warfarin; this usually results in patients 
reaching an INR of 2.0 in about 4 or 5 days. Heparin 
treatment is usually discontinued when the INR has been 
in the therapeutic range for at least 2 days. If treatment is 
not urgent (eg, chronic stable atrial fibrillation), treatment 
can be commenced out-of-hospital with an anticipated 
maintenance dose of 4 to 5 mg^d, which usually achieves a 
stable anticoagulant effect in about 6 days 79 

There is room for flexibility in selecting a starting dose 
of warfarin. Some clinicians prefer to use a larger starting 
dose (eg, 7.5 to 10 mg) and perform daily INRs if there is 
urgency in obtaining a therapeutic INR more quickly. 



However, lower starting doses than 5 mg might be appro- 
priate in the elderly and in patients at high risk of 
bleeding. 

PT monitoring is usually performed daily until the 
therapeutic range has been achieved and maintained for at 
least 2 consecutive days, then twice or three times weekly 
for 1 to 2 weeks, then less often, depending on the stability 
of PT results. If the PT response remains stable, the 
frequency of testing can be reduced to intervals as long as 
every 4 weeks. If adjustments to the dose are required, 
then the cycle of more frequent monitoring is repeated 
until a stable dose response is again achieved. Some 
patients receiving long-term warfarin therapy are difficult 
to manage because they have unexpected fluctuations in 
dose response. The unexpected fluctuations in dose re- 
sponse could be due to changes in diet, inaccuracy in PT 
testing, undisclosed drug use, poor patient compliance, 
surreptitious self-medication, or intermittent alcohol con- 
sumption. 

Improving Anticoagulant Control 

The effectiveness and safety of warfarin are critically 
dependent on maintaining the INR in the therapeutic 
range. Therefore, every effort should be made to 
maintain the patient in the designated therapeutic 
range. This objective is facilitated by always aiming for 
an INR level that is in the mid-level of the INR range 
(ie, 2.5 for a designated range of 2.0 to 3.0 and 3.0 for 
a designated range of 2.5 to 3.5). The impact of 
maintaining good anticoagulant control was highlighted 
by reanalysis of the primary prevention trials in atrial 
fibrillation using an on-treatment analysis. 119 The re- 
sults of the on-treatment analysis showed that many of 
the events (both thromboembolic and bleeding) oc- 
curred when the PT ratio was outside the designated 
therapeutic range and that both the safety and efficacy 
of warfarin were increased by maintaining good antico- 
agulant control. Subgroup analyses of other cohort 
studies have also shown a sharp increase in the risk of 
bleeding when the INR is higher than the upper limit of 
the therapeutic range. 120 - 123 

Additional approaches are being developed to improve 
anticoagulant control. These include (1) anticoagulation 
management services (anticoagulation clinics) to manage 
therapy, (2) point-of-care PT testing that allows patient 
self-testing and patient self-management of dose adjust- 
ments, and (3) computer programs to aid in dose adjust- 
ment. 

Anticoagulation Management Services 

In North America, oral anticoagulation therapy is usu- 
ally managed by a patients personal physician (routine 
medical care [RMC]). 124 An alternative approach is the 
use of anticoagulation management services (AMS) or 
anticoagulation clinics, 125 in which the management is 
conducted by registered nurses, nurse practitioners, phar- 
macists, or physician assistants using dosage-adjustment 
protocols developed by experts in the field. The latter 
approach has the advantage of better coordination by 
health professionals who acquire in-depth experience 
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Table 5— Frequency of Major Hemorrhage/Thromboembolism in Patients Managed Under RMC vs AMS 





Model of 


No. of 


No. of 


Years of Data 




Target* 


Major 


Fatal t 


Minor 


Rec 


Source, yr 


Care 


Patients 


Patient Years 


Collection 


Indications 
— 


PT/INR 


Hem.t % 


Hem 


Hem.t % 


TE.t % 


Garabedian-RufTalo 


RMC 


26 


64.3 


1977-1980 


Ven & Art§ 


1.5— Z.5 


19 A 




NA 


6.2 


et al, 126 1985 


















NA 




AMS 


26 


41.9 


1980-1983 


Ven & Art 


l co r: (PTH) 
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2.4 


0 
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Cortelazzo et al, 127 


RMC 


271 


677 


1982-1990 


Mechanical 


25-35%H 


4.7 


o 


NA 


6.6 


1993 










valves 








NA 


0.6 


AMS 


271 


669 


1987-1990 


Mechanical 


3.0-4. 0 (liNrv 


1 0 


o 












valves 








7.1 


42.8 


Wilt et al.»» 1995 


RMC 


44 


28 


1988-1993 


Ven & Art 


NA 


17.8 


0 


AMS 


68 


60 


1988-1993 


Ven & Art 


NA 


0 


0 


3.3 


0 


Chiquette et al, 129 
1998 


AMS 


82 


199 


1977-1986 


Ven & Art 


NA 


1.5 


NA 


35.3 


3.5 
11.8 


RMC 


142 


102 


1991-1992 


Ven & Art 


2.0-4.5 


3.9 


1 


AMS 


176 


123 


1992^1994 


Ven & Art 


2.0-4.5 (INR) 


1.6 


0 


8.1 


3.3 



Target PTR = PT ratio unless INR indicated. 

t Events expressed as per patient-year of therapy. HEM = hemorrhage; TE = thromboembolism. 

\ Fatal hemorrhagic events included with major hemorrhage. 

§Ven & Art - mixed indications in the venous and arterial systems. 

UProthrombin activity. 



managing large numbers of patients. Unfortunately, most 
data comparing clinical outcomes achieved with one or the 
other of these two models of management (RMC vs AMS) 
are retrospective. 

Clinical Outcomes: RMC vs AMS 

Table 5 summarizes the four studies in which investi- 
gators used clinical outcomes to compare two models of 
care in a single setting, 126 - 129 All of these studies used a 
before and after design and none were prospective ran- 
domized trials. In two studies, 126 127 the same patient 
groups were observed first in an RMC setting and then in 
an AMS setting. The third study 128 involved two defined 
cohorts of patients 128 and the fourth report 129 provided 
data on three sequential inception cohorts: an initial AMS, 
then an RMC cohort, followed by a second AMS cohort. 129 
Although none of these trials were randomized, each 
reported an impressive reduction in the incidence of 
major hemorrhage and thromboembolism: and the one 
study that evaluated death due to bleeding or thrombo- 
embolism found a reduction that approached statistical 
significance (p = 0.09). 129 

These results are similar to a number of nbnrandom- 
ized, observational studies of either RMC 130 - 131 or an 
AMS 122 132 - 142 where observed rates of hemorrhage were 
7.6% vs 2.8% per patent-year of therapy, respectively, and 
observed rates of thrombosis were 8.1% vs 2.6% per 
patient-year of therapy, respectively. 

Although these results suggest that the coordinated 
approach of anticoagulation clinics is superior to RMC, the 
studies were not randomized; therefore, they need to be 
validated. 

Cost-Effectiveness of RMC vs AMS 

Attempts have been made to compare the relative costs 
of the two approaches. Gray et al 143 estimated a savings of 
$860 per patient-year of therapy (in 1985 dollars) due to 
reduced hospital days in his study of patients treated by an 



AMS vs RMC. Chiquette et al 129 found a savings of $1,650 
per patient-year of therapy in their comparative study due 
to a significant reduction in hospitalizations and emer- 
gency department visits. The fact that neither of the two 
studies was properly randomized means that the observa- 
tions may not be valid. Even so, in the latter two periods 
of the study by Chiquette et al, 129 > 90% of all patients 
started on a regimen of anticoagulation therapy in the 
health-care setting were included in the analysis and the 
two groups were similar in terms of demographics, indi- 
cations for anticoagulation, and concomitant conditions. 

Point-of-Care Patient Self-Testing and 
Patient Self-Management 

Recent technological advances in point-of-care PT mea- 
surement offer the potential for both simplifying and 
improving oral anticoagulation management. Three classes 
of portable PT monitors, suitable for patient self-testing at 
home, are currently available for point-of-care diagnostic 
testing 144 (Table 6). Each of these monitors measures the 
thromboplastin-mediated clotting time that is then con- . 
verted to a plasma PT equivalent by a microprocessor and 
expressed as a PT or INR. 

The validity of this method was initially established in 
1987 by Lucas et al 145 with an instrument (Coumatrak; 
Biotrack Inc; Freemont, CA). Using 858 samples from 732 
subjects (control subjects, warfarin-treated patients, and 
heparin-treated patients), Lucas et al 145 reported a corre- 
lation coefficient of 0.96 between reference plasma PTs 
and capillary whole blood PTs. Results were similar for 
capillary and venous whole blood measured on the point- 
of-care instrument. Within-day precision using two differ- 
ent levels of controls revealed CVs of 4.9% and 2.9%. The 
accuracy of the instrument was not compromised by 
hematocrit measurements ranging from 23 to 54%. 

Other studies have confirmed the accuracy of the 
instrument compared to reference laboratory methods 
with correlation coefficients of 0.95 146 and 0.9L 147 
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Table 6— Capillary Whole Blood (Foini-of-Care) PT Instruments 



Name of Instrument Method 



Protime Monitor 1000* 


Thromboplastin based 


Coumatrak* 


Clot detection: cessation of blood flow through capillary channel 


tf"*ir*o C^nm inrr *\ 1 *7 /"* AOfTiinHnn \A nni for* 
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CoaguChek Plus* 




CoaguChek 


Thromboplastin based 


Thrombolytic Assessment System 


Clot detection; cessation of movement of iron particles 


ProTIME Monitor 


Thromboplastin based 

Clot detection: cessation of blood flow through capillary channel 


Avocet PT 1000 \ 


Thromboplastin based 

Clot detection: fluorescent thrombin substrate 



* All instruments based on original Biotrack model (Protime Monitor 1000) and licensed under different names and now marketed as CoaguChek 
Plus (some with added capabilities), 
t Not yet commercially available. 



A study by Jennings et al 148 using a coagulation monitor 
(Ciba Corning Biotrack 512; Medfield, MA) 148 examined 
104 patients receiving warfarin and 20 healthy subjects 
with capillary PTs and compared the results with two 
standard laboratory methods. They found poor compara- 
bility between the instrument PT and the thrombotest. 
McCurdy and White 149 studied 143 paired specimens and 
found that the capillary method yielded the most accurate 
results in an INR range of 2.0 to 3.0, but that the results 
of the two methods became discrepant as the INR .in- 
creased. They also assessed precision of two repeated 
measurements in 54 patients and found a within-patient 
SD of 0.23 INR units for the capillary whole blood PT and 
0.19 INR units for paired clinical laboratory measure- 
ments. Tripodi et al, 150 using the 512 Coagulation Monitor 
(Ciba Corning Diagnostics; Medfield, MA) found that by 
recalibrating the ISI of the instrument's thromboplastin 
against the secondary IRP for rabbit thromboplastin, it was 
systematically higher (ISI, 2.715) than that reported by the 
manufacturer (ISI, 2.036). Like McCurdy and White, 149 
they found that the monitor underestimated the results as 
the INR increased (INR > 4.0). However, this error was 
not instrument related but the result of a faulty ISI; the 
error did not occur when the INR was recalculated using 
their recalibrated ISI. 

Using a second class of PT monitors (CoaguChek; 
Boehringer Mannheim Corp; Indianapolis, IN) Oberhardt 
et al 151 compared the instrument with standard laboratory 
methods and reported a correlation coefficient of 0.96 in 
271 samples. Rose et al 152 determined within-day preci- 
sion for normal and abnormal control plasmas (20 tests 
each) that yielded CVs of 3.7% and 3.6%, respectively. A 
correlation coefficient of 0.86 was obtained from 50 
outpatients (using capillary whole blood) compared with 
reference plasma PTs. Fabbrini et al 153 also compared this 
technology with standard laboratory methods and found 
reasonable precision (CV = 6% and 4%) with excellent 
correlation coefficients of 0.92 and 0.91 compared with 
reference plasma PTs. 

Tripodi et al 154 evaluated the calibration of the ISI in 
this system based on an IRP and found that they were 
extremely close to those adopted by the manufacturer for 
both whole blood and plasma. Although the CVs of the 



slopes of the regression lines comparing the system with 
an international reference were excellent (CV of 2.2 for 
both whole blood and plasma on the instrument compared 
with the international reference), the instrument reported 
significantly higher INRs (3.20 and 3.41 in whole blood 
and plasma vs 2.92 for plasma in the reference system) 
using the manufacturer's calibration. The differences were 
due to a lower mean normal PT adopted by the manufac- 
turer. 

A recent study by Kaatz et al 155 evaluated both classes 
of monitors (CoaguChek and Biotrack) as well as four 
clinical laboratories against the criterion standard estab- 
lished by the WHO using an international reference 
thromboplastin and the manual tilt-tube technique. 
They found that laboratories using a more sensitive 
thromboplastin (ISI = 1.99 and 2.0) showed close 
agreement with the criterion standard, whereas labora- 
tories using an insensitive thromboplastin (ISI = 2.84 
and 2.98) showed poor agreement. The two monitors 
fell between these two extremes. As in the study by 
McCurdy and White, 149 the Coumatrak underestimated 
the INR at values above 2.5, whereas the CoaguChek 
simply showed more scatter at INR values above 2.75. 
INR determinations of the Coumatrak monitor and the 
CoaguChek were only slightly less accurate than those 
of the best clinical laboratories. 

A third class of point-of-care capillary whole blood PT 
instrumentation (ProTIME Monitor; International Tech- 
nidyne Corporation; Edison, NJ) has been developed. This 
differs from the previously described instruments in that it 
performs a PT in triplicate (three capillary channels) and 
simultaneously performs a level 1 and level 2 control (two 
additional capillary channels). In a multi-institutional tri- 
al, 156 simultaneous capillary whole blood and venous sam- 
ples from 201 warfarin-treated patients and 52 control 
subjects were compared with standard laboratory methods 
at each institution as well as with a reference laboratory. 
The ProTIME INR correlated well with the reference 
laboratory for both the health-care provider (venous sam- 
ple, r = 0.93) and the patient (capillary sample, r = 0.93). 
PT results for fingersticks performed by both the patient 
and the health-care provider were equivalent and corre- 
lated highly (r = 0.91). 
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In a separate report in children, Andrew et al 157 re- 
ported on the instrument's accuracy and precision in 76 
warfarin-treated children and 9 healthy control subjects. 
Venous and capillary whole blood tested on the instrument 
yielded a correlation of r = 0.89. Both results, compared 
with venous blood tested in a reference laboratory 
(ISI = 1.0), revealed correlation coefficients of 0.90 and 
0.92, respectively. 

Patient Self-Testing 
Anderson et al 15H confirmed the feasibility and assessed 
the accuracy of patient self-testing at home in a group of 
40 individuals who monitored their own therapy over a 
period of 6 to 24 months. Based on either narrow or 
expanded target therapeutic ranges, they observed a mean 
level of agreement per patient with reference plasma PTs 
of 83% by narrow criteria and 96% by expanded criteria. 
Ninety-seven percent of the patients preferred home 
testing to standard management. 

White et al, 159 in a small randomized study, assessed 
patients' ability to measure their own PT following hospital 
discharge with warfarin dosing managed by their health- 
care providers. These self-testing patients (n = 23), com- 
pared with a control group treated by an AMS (n = 23), 
spent a greater percentage of the time in therapeutic 
range (93% vs 75%; p = 0.003) and were significantly less 
likely to be in the subtherapeutic range during the fol- 
low-up period (6.3% vs 23%; p < 0.001). This study was 
underpowered to detect differences in outcomes of hem- 
orrhage or thrombosis. 

In a larger randomized study published in abstract 
form, Beyth and Landefeld 160 reported on 325 newly 
treated elderly patients, 163 of whom had their dose 
managed by a single investigator based on INR results 
from patient self-testing at home compared with 162 
treated by their private physicians based on venous sam- 
pling. Over a 6-month period, the investigators recorded a 
rate of major hemorrhage of 12% in the latter group vs 
5.7% in the self-testing group. This finding was based on 
an intention-to-treat analysis. For those actually perform- 
ing self-testing, there was only a 1.2% incidence of major 
hemorrhage. 

Patient Self-Management 

In 1974, Erdman et al 161 first tested the concept of 
patient self- management of oral anticoagulation based on 
physician-derived guidelines with PTs obtained on plasma 
samples by routine laboratory instrumentation. In nearly 
200 patients with prosthetic heart valves managing their 
own therapy, they claimed a greater degree of satisfactory 
anticoagulation (98% of 195 patients enrolled) compared 
with a retrospective survey of standard management pa- 
tients who achieved only a 71% degree of adequate 
anticoagulation. 

Ansell et al 162 163 analyzed the results of patient self- 
management with the Biotrack instrument over a span of 
7 years in a cohort of 20 patients ranging in age from 3 to 
87 years with diverse indications for anticoagulation. 
These patients performed their own PT test at home using 
the Biotrack instrument and adjusted their own warfarin 



dose based on physician guidelines. The results were 
compared with an age-, sex-, and diagnosis-matched con- 
trol group treated by an AMS. Self-managed patients were 
found to be in therapeutic range for 88.6% of the PT 
determinations compared with 68% for the control sub- 
jects (p < 0.001). There were also fewer dose changes for 
study patients (10.7%) than for control subjects (28.2%; 
p < 0.001), while complication rates did not differ be- 
tween the groups. Patient satisfaction was extremely high 
with this mode of therapy based on a patient survey of 
attitudes. 

In a retrospective study, Bernardo 164 reported on 216 
self-managed patients between 1986 and 1992, and found 
83.1% of the PT results were within target therapeutic 
range and no serious adverse events occurred. The results 
in a randomly selected subgroup of 92 self-managed 
patients were compared with a historical cohort of 317 
patients managed by traditional means (118 patient-years 
vs 374 patient-years); there was a trend for fewer hemor- 
rhagic events (3.38% vs 4.38%) and fewer embolic events 
in the self-managed group. 

Most recently, Horstkotte et al 165 published in ab- 
stract form the outcomes from a randomized prospec- 
tive study of 150 patients with prosthetic heart valves 
who managed their own therapy (n = 75) compared 
with a control group (n = 75) who were managed by 
their private physicians (RMC). The self-managed pa- 
tients tested themselves approximately every 4 days and 
achieved a 92% degree of satisfactory anticoagulation as 
determined by the INR. The physician-managed pa- 
tients were tested approximately every 19 days and only 
59% of INRs were in therapeutic range. The self- 
managed individuals experienced a 4.5%/y incidence of 
any type of bleeding and a 0.9%/y rate of thromboem- 
bolism compared with a 10.9% and 3.6% rate, respec- 
tively, in the physician-managed group (p = 0.038 be- 
tween the two groups). 

Summary and Conclusions 

Based on a number of observational studies, patients 
treated by an AMS achieve better therapeutic outcomes 
than those treated under a model of RMC. This difference 
may be due to maintaining better therapeutic control in 
the AMS, but it could be due to bias. Better-quality 
studies are needed to confirm these differences. 

Newer models of warfarin management are emerging 
based on point-of-care PT testing, allowing patients to 
determine their own PT and adjust their own warfarin 
dose. Initial results of studies suggest that this model of 
dose management may result in better clinical outcomes 
when compared with RMC, but randomized controlled 
trials comparing patient self-management with manage- 
ment by an AMS are needed before recommendations can 
be made about the value of this model of care. 

Computerized Systems for Predicting 
Warfarin Dosage 

A number of computerized programs have been 
developed to assist physicians and other health-care 
providers with oral anticoagulant dosing. 166 " 169 In a 
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recent randomized trial, the reliability of three estab- 
lished computerized dosage programs was compared 
with warfarin dosing by experienced medical staff in 
patients who attended the same established outpatient 
clinic. 170 All three programs gave satisfactory control 
compared with empiric dosage adjustment by experi- 
enced physicians in the 2.0 to 3.0 INR target range. In 
patients requiring more intense therapy (3.0 to 4.5 
INR), the computerized programs achieved signifi- 
cantly better control than empiric dosage adjustment. 
Ageno and Turpie 171 completed a randomized, prospec- 
tive study in 101 long-term anticoagulated patients with 
prosthetic cardiac valves comparing a computerized 
system with standard manual management by trained 
personnel. The computer program was comparable to 
the manual system in maintaining the percentage of 
INRs in range, but achieved a 50% reduction in the 
number of dose adjustments. More recently, a large 
multicenter randomized study of 285 patients per- 
formed by the European Concerted Action on Antico- 
agulation 172 showed that a computer-assisted dosage 
program was significantly more effective than tradi- 
tional dosing in achieving a targeted therapeutic range. 
Thus, computerized dosage adjustments appear to have 
an advantage over traditional dosage adjustments. 

Management of Patients With High INR 
Values With or Without Bleeding 

If a patient has an elevated INR and is not bleeding or 
does not require surgery, then it is reasonable to reduce 
the INR to a safer level of < 5.0 either by omitting a dose 
of warfarin or by administering vitamin K 2 . If the patient 
has serious bleeding, the INR should be reduced to 1.0 as 
soon as possible. If the patient requires elective or urgent 
surgery, it is reasonable to reduce the INR to 1.0 to 1.5 at 
the time of surgery. 

Three approaches can be used to reduce the INR. The 
first and least rapid is to discontinue treatment, the second 
is to use vitamin Kj, and the third and most rapid is to 
transfuse the patient with fresh plasma or prothrombin 
concentrate. The choice of these approaches is based 
largely on clinical judgment since randomized trials using 
clinical end points have not been performed (to our 
knowledge). 

Discontinuation of Warfarin Therapy 

White and associates 159 reported that it takes about 4 
days for the INR to return to the normal range when 
warfarin therapy is stopped in patients whose INR is 
between 2.0 and 3.0. 

Vitamin K 1 

Ideally, vitamin K 2 should be administered in a dosage 
that rapidly reduces the INR into a safe range without (1) 
overshooting the lower limit of the targeted range, (2) 
rendering the patient resistant to warfarin when therapy 
with it is restarted, and (3) exposing the patient to a risk of 
an anaphylactoid reaction. There is a strong relationship 
between the level of the INR and the risk of bleeding. The 



risk of bleeding rises sharply when the INR exceeds 5.0, 
but bleeding is increased, particularly in high-risk patients, 
when the INR exceeds 3.0. 

To our knowledge, the optimal dosage and the optimal 
route of administration of vitamin K } have never been 
compared using a rigorous study design. Consequently, 
there is no uniformly accepted approach. Recommenda- 
tions vary from doses ranging from < 1 mg to up to 10 mg 
and all three routes of administration — IV, subcutaneous, 
and oral — have been advocated. 

High doses of vitamin K] are effective but can lead to 
warfarin resistance for up to a week after they are 
discontinued. The IV route is likely to give the most 
predictable response, but it can be complicated by ana- 
phylactoid reactions, and there is no definitive evidence 
that this serious, but rare, complication can be avoided by 
using low doses IV. For these reasons, there has been 
recent interest in evaluating low doses of vitamin K l (to 
avoid overcorrection and warfarin resistance) adminis- 
tered by the oral or subcutaneous routes (to avoid anaphy- 
lactoid reactions). In the past issues of the Proceedings of 
the ACCP Consensus Conference, subcutaneous vitamin 
K x was advocated for nonemergency situations and IV 
vitamin K for emergency situations. However, one recent 
report suggested that the response to subcutaneously 
administered vitamin K may be delayed and unpredict- 
able, 173 while other new studies have confirmed older 
reports that the oral route is effective, and it has the 
advantages of being safer and more convenient than 
parenteral administration. 

Over 20 years ago, a number of descriptive studies 
reported that the anticoagulant effect of warfarin can be 
reversed by oral vitamin Kj. 174-176 Interest in the use of 
oral vitamin Kj to reverse the anticoagulant effect of 
warfarin waned, largely because of a perception that the 
response to oral vitamin Kj is variable. However, as 
pointed out by Weibert and associates, 177 this perception 
is based largely on a study that measured plasma concen- 
trations of vitamin rather than the FT. 178 The early 
observations of the effectiveness of vitamin Kj were 
confirmed by a randomized trial by Pengo and associ- 
ates 179 in 1993 who demonstrated that 2.5 mg of oral 
vitamin Kj was more effective than withholding warfarin 
at correcting the INR to < 5.0 at 24 h. More recentiy, a 
number of cohort studies have been performed to identify 
an appropriate dose of oral vitamin 

Crowther and associates 180 performed a prospective 
cohort study in 62 patients who were treated with warfarin 
and had INR values between 4.0 and 10.0. None of the 
patients had bleeding complications. The next dose of 
warfarin was omitted and 1.0 mg of oral vitamin K x was 
administered. The INR was lowered at 24 h in 59 of the 62 - 
patients (95%); it was reduced to < 4.0 in 53 (85%), to 
between 1.9 and 4.0 in 50%, and to < 1.9 in 22 patients 
(35%). None of the patients showed resistance to warfarin 
when oral anticoagulant therapy was recommenced. The 
results of this study suggest that in patients with moder- 
ately elevated INR values (4.0 to 10.0), 1 mg of oral 
vitamin K L is effective for reversing an excessive anticoag- 
ulant effect of warfarin within 24 h. 

In a retrospective cohort study, Weibert and associ- 
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ates 1 " evaluated the effectiveness of 2.5 mg of oral vitamin 
K, for reversing an excessive warfarin effect in 81 patients 
with an INR of 5.0 to > 10.0. Ninety percent of the 
patients achieved an INR of < 5.0 and only 17% devel- 
oped an INR of < 2.0. An INR of < 5.0 wawch.eved .n 
48 h in all patients whose initial INR was < 9.0. However, 
a dose of 2.5 mg of oral vitamin K, failed to lower the INR 
to < 5.0 in five of eight patients (63%) whose initial INR 

was > 9.0. , , 

The results of these studies indicate that a low dose oral 
vitamin K, is effective for reducing the INR in patients 
treated with warfarin. A dose of 1.0 to 2.5 mg is effective 
when the initial INR is between 5.0 and 9.0, but (based on 
the results of the study reported by Weibert and associ- 
ates' 77 ), a larger oral dose, eg, 5 mg, is required when the 
INR is > 9.0. 

Since oral vitamin K, is effective for lowering the IN R , 
it is the route of choice unless rapid reversal of the INR is 
considered to be critical, in which case vitamin K, can be 
administered by slow IV infusion. 
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Management of the Patient Receiving 
Long-term Warfarin Therapy Who 
Requires Surgery 

This subject has been reviewed recently. 181 Several 
approaches can be used to manage patients who are being 
treated with warfarin for an underlying thrombotic disor- 
der and require surgery. The choice depends on personal 
preferences and the risk of thrombosis. With each of the 
following options, the length of time for warfarin dosage 
reduction and for heparin or low-molecular-weight hepa- 
rin (LMWH) use preoperatively can be shortened by 
administering vitamin K, 24 to 48 h before surgery to. 
reverse the warfarin and beginning heparin at that toe. 

The first approach is to stop warfarin therapy 4 to 5 days 
before surgery and use postoperative prophykns with a 
combination of low-dose heparin therapy, 5,000 U subcu- 
taneously, and warfarin therapy. 

The second is to stop warfarin therapy 4 to 5 days before 
surgery and replace it with low-dose heparin therapy, 
5 000 U subcutaneously preoperatively, or a prophylactic 
dose of LMWH and then commence low-dose heparin (or 
LMWH) and warfarin therapy postoperatively. 

The third is to stop warfarin therapy 4 to 5 days before 
surgery and replace it with full-dose heparin or full-dose 
LMWH therapy. Therapy can be administered by subcu- 
taneous injection as an outpatient; it can then be given as 
a continuous IV infusion when the patient is admitted to 
hospital in preparation for surgery and discontinued 5 h 
before surgery with the expectation that the anticoagulant 
effect will have worn off at the time of surgery. It !S also 
possible to continue with subcutaneous heparin or 
LMWH (without switching to the continuous IV route) 
and to stop subcutaneous therapy 24 h before surgery with 
the expectation that the anticoagulant effect wul have 
worn off at the time of surgery. 
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The fourth approach is to continue with warfarin ther- 
apy at a lower dose and operate at an INR of 1.3 to 1.5, an 
intensity that has been shown to be safe in randomized 
trials of gynecologic and orthopedic surgical patients. The 
dose of warfarin can be lowered 4 or 5 days before surgery. 
Warfarin dierapy can then be restarted postoperatively, 
supplemented with low-dose heparin (5,000 U subcutane- 
ously), if necessary. 

A fifth option is available for patients requiring dental 
procedures. Thus, tranexamic acid or epsilon amino cap- 
roic acid mouthwash has been used successfully without 
interrupting anticoagulant therapy. 182 - IH3 

Management of the Patient Who Bleeds 
During Warfarin Therapy 

The short-term management of patients who bleed with 
an excessively prolonged INR has been discussed above. 
The long-term management of patients who bleed but 
who require protection against systemic embolism (eg, 
patients with mechanical heart valves or with atrial fibril- 
lation and other risk factors) is problematic. There are two 
general principles that should be followed: (1) to attempt 
to reverse the cause of bleeding; and (2) to examine the 
possibility of lowering the intensity of the anticoagulant 
effect. Even' effort should be made to treat the cause of 
bleeding (eg, the use of aggressive antiulcer therapy) if it 
is potentially reversible. 

The risk of bleeding is strongly related to the intensity 
of the anticoagulant effect. Therefore, every effort should 
be made to maintain the INR at the lower limit of the 
therapeutic range (ie, 2.0). Laboratory control of treat- 
ment should be optimized with frequent INR measure- 
ments and by ensuring that a sensitive thromboplastin (ISI 
about 1.2) is used. For patients with mechanical prosthetic 
valves (and a persisting risk of increased bleeding), it 
would be reasonable to aim for an INR of 2.0 to 2.5. For 
patients with atrial fibrillation (and a persisting risk of 
increased bleeding), the anticoagulant intensity can be 
reduced to an INR of 1.5 to 2.0 with the expectation that 
efficacy will be reduced but not abolished. 2184 Alterna- 
tively, aspirin can be used to replace warfarin in patients 
with atrial fibrillation. 



Clinical Results 

The clinical effectiveness of oral anticoagulants has 
been established for a variety of indications based on the 
results of well-designed clinical trials. Some of these trials 
have compared two levels of anticoagulant intensity and 
have shown that the moderate intensity regimen (INR of 
2.0 to 3.0) is as effective, but produces significantly less 
bleeding, than the more intense regimen (INR of 3.0 to 
4.5) for each of the indications in which comparisons were 
performed (Table 7) (see below). 

Oral anticoagulants have been shown to be effective in 
the following ways: in the primary and secondary preven- 
tion of venous thromboembolism; in the prevention of 
systemic embolism in patients with tissue and mechanical 
prosthetic heart valves or with atrial fibrillation; in the 
prevention of acute myocardial infarction in patients with 
peripheral arterial disease; in the prevention of stroke, 
recurrent infarction, and death in patients with acute 
myocardial infarction; and in the prevention of myocardial 
infarction in men at high risk. 2 Oral anticoagulants are 
indicated in certain patients with mitral stenosis to prevent 
systemic embolism, although to our knowledge, their 
effectiveness has never been demonstrated by a random- 
ized clinical trial. For most indications, a moderate anti- 
coagulant effect with a targeted INR of 2.0 to 3.0 (less 
intense regimen) is appropriate (Table 7). 

The role of anticoagulants in cerebral ischemia of 
arterial origin is unclear, although it is now clear from the 
results of the Stroke Prevention in Reversible Ischemia 
Trial (SPIRIT) study that high-intensity oral anticoagula- 
tion (INR, 3.0 to 4.5) is dangerous in diese patients. 123 In 
SPIRIT, study patients with a transient ischemic attack or 
minor ischemic stroke were randomly assigned to a regi- 
men of oral anticoagulants (INR, 3.0 to 4.5) or aspirin, 30 
mg/d. The primary measure of outcome was the composite 
event "death from all vascular causes, nonfatal stroke, 
nonfatal myocardial infarction, or nonfatal major bleeding 
complication." The trial was stopped at the first interim 
analysis at which time 1,316 patients had been included 
with a mean follow-up of 14 months. There was an excess 
of the primary outcome event in the anticoagulated group 
(81 of 651) vs 36 of 665 in the aspirin group (hazard ratio, 



Table 7— Relationship Between Bleeding and Intensity of Anticoagulant Therapy 



Source, yr 



No. of 
Patients 



Hull et al 206 1982 96 
Deep vein thrombosis 

Turpie et al, 221 1988 210 
Prosthetic heart valves (tissue) 

Saour et al, 222 1990 247 
Prosthetic heart valves (mechanical) 

Altman et al, 223 1991* 99 
Prosthetic heart valves (mechanical) 



Anticoagulant 
Duration 



3 mo 



3 mo 



3.47 yr 



11.2 mo 



Therapeutic Range 
(INR) 



3.0-4.5 

vs 
2.0-2.5 
2.5-4.0 

vs 
2.0-2.5 
7.4-10.8 

vs 
1.9-3.6 
3.0-4.5 

vs 
2.0-2.9 



Total % of 
Bleeding 



22.4 

vs 

4.3 
13.9 

vs 

5.9 
42.4 

vs 

21.3 
24.0 

vs 

6.0 



> Value 



0.015 



< 0.002 



< 0.002 



<0.02 



♦Patients also given aspirin, 300 mg, and dipyridamole, 75 mg bid. 
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Table 8 — Oral Anticoagulants vs Aspirin in Transient, 
Ischemic Attack and Minor Stroke: The SPIRIT Study 
Group 123 * 





Anticoagulant 


Aspirin 




Event 


(INR 3.0 to 4.5) 


(30 mg) 


OR 


No./patient-yrs of observation 


651/735 


665/775 




Vascular death, stroke, MI, 


81 


36 


2.3 


major bleeding 








Death 


35 


15 


2.4 


Vascular death 


24 


11 


2.3 


Major bleeding 


53 


6 


9.3 


All major ischemic events 


27 


27 


1 


*0R = odds ratio; MI = myocardial infarction. 



2.3; 95% confidence interval, 1.6 to 3.5). This excess was 
the result of 53 major bleeding complications (27 intra- 
cranial; 17 fatal) during anticoagulant therapy vs 6 with 
aspirin (3 intracranial; 1 fatal). The incidence of bleeding 
was found to be increased by a factor of 1.43 (95% 
confidence interval, 0.96 to 2.13) for each 0.5-U increase 
of the achieved INR. The authors concluded that oral 
anticoagulants are not safe when used at a targeted INR 
range of 3.0 to 4.5 in patients after cerebral ischemia of 
presumed arterial origin (Tables 8 and 9). 

Prevention of Venous Thromboembolism 

Oral anticoagulants are effective in preventing venous 
thrombosis after hip surgery 185-187 and major gynecologic 
surgery 188 189 when used at a targeted INR of 2.0 to 3.0. 
Benefit has been demonstrated when treatment is com- 
menced a number of days before surgery, 185 186 the 
evening before surgery, or on the first postoperative 
day. 187 The risk of clinically important bleeding with the 
moderate-intensity regimen is small, but because warfarin 
prophylaxis is more complicated to use than fixed low-dose 
heparin, warfarin is generally reserved for very-high-risk 
patients such as those with previous venous thrombosis or 
those having major orthopedic procedures. For patients 
undergoing elective hip replacement or major knee sur- 
gery, treatment with LMWHs, commenced 12 to 24 h 
postoperatively, has been shown to be more effective than 
warfarin therapy commenced postoperatively or the night 
before surgery. 190191 Very low fixed doses of warfarin (1 
mg daily) have been reported to be effective in one small 



Table 9 — Oral Anticoagulants vs Aspirin in Transient 
Ischemic Attack and Minor Stroke Bleeding 
Complications: The SPIRIT Study Group 123 



Major Bleeding Complications 


Anticoagulant 
(INR 3.0 to 4.5) 


Aspirin 
(30 mg) 


No. of patients 


651 


663 


Fatal intracranial 


15 


1 


Fatal other 


2 


0 


Nonfatal intracranial 


' 12 


2 


Nonfatal other 


24 


3 


Total 


53 


6 



study in patients having gynecologic surgery 189 and in a 
larger study in which 1 mg of warfarin per day was 
effective in preventing subclavian vein thrombosis in 
cancer patients with indwelling subclavian catheters. 192 
Surprisingly, the very-low-dose warfarin regimen was as- 
sociated with an increase in fibrinolysis in the gynecologic 
patients. 193 Four recent randomized studies demonstrated 
that warfarin in a fixed dose of 1 mg is ineffective in 
preventing postoperative venous thrombosis in patients 
having major orthopedic surgery. 194-197 Although attrac- 
tive because of its safety and simplicity, it is now clear that 
the 1-mg dose is ineffective in hip and knee replacements 
and that this dose should not be used for these high-risk 
conditions. Recently, Levine and associates 198 reported 
that warfarin, 1 mg daily, for 6 weeks followed by low-dose 
warfarin with a targeted INR of 1.5 is effective in prevent- 
ing thrombosis in patients at high risk with stage IV breast 
cancer given chemotherapy. 

Treatment of Deep Vein Thrombosis 

The optimal duration of oral anticoagulant therapy has 
been reviewed by Hirsh. 199 The duration of treatment is 
influenced by the following factors: (1) idiopathic vs 
secondary thrombosis with a reversible cause — a longer 
course of therapy should be used if the thrombosis is 
idiopathic; (2) proximal vs calf vein thrombosis — a longer 
course of therapy is indicated in patients with proximal 
vein thrombosis; (3) first episode vs recurrent thrombo- 
sis — a longer course of treatment is indicated in patients 
with recurrent venous thrombosis; and (4) the presence or 
absence of laboratory evidence of thrombophilia — a 
longer course of treatment is indicated in patients with 
thrombophilia. 

Oral anticoagulant therapy is indicated for at least 3 
months in patients with proximal vein thrombosis, 200 - 201 
for at least 6 months in patients with idiopathic proximal 
vein thrombosis, for at least 6 months in patients with 
recurrent venous thrombosis, and for 6 weeks to 3 months 
in patients with symptomatic calf vein thrombosis. 202-205 
Indefinite anticoagulant therapy is indicated in patients 
with more than one episode of idiopathic proximal vein 
thrombosis and a recognized thrombophilic defect. 

A moderate-dose regimen (INR, 2.0 to 3.0) is as 
effective as the more intense regimen (INR, 3.0 to 4.5), 
but it is associated with a much lower incidence of 
bleeding 206 (Table 7). Recent studies in patients with 
proximal vein thrombosis evaluating short-course vs long- 
course heparin treatment 207 - 208 have confirmed the initial 
observation that moderate-dose warfarin therapy is asso- 
ciated with a low rate of recurrent venous thromboembo- 
lism and a low incidence of bleeding and that 6 months is 
more effective than 6 weeks of treatment 203 

Primary Prevention of Myocardial 
Ischemia 

The Thrombosis Prevention Trial 2 evaluated low-inten- 
sity warfarin therapy and low-dose aspirin therapy in 5,499 
men between the ages of 45 and 69 years at high risk of 
ischemic heart disease. The primary outcome was the 
prevention of acute ischemic coronary events defined as 
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the composite of coronary death and fatal and nonfatal 
myocardial infarction. The targeted INR was 1.3 to 1.8 and 
the mean warfarin dose was 4.1 mg/d. 

The annual incidence of acute ischemic coronary events 
was 1.4% per year in the placebo group. Both warfarin and 
aspirin produced a similar (nonsignificant) reduction in 
acute ischemic events of 22% and 23%, respectively, while 
the combination of warfarin and aspirin produced a 
significant reduction (p = 0.006) of 34%. Although more 
effective, combined treatment was associated with an 
increased risk of hemorrhagic stroke. 

The results are important because they show ( 1 ) that a 
targeted INR of 1.3 to 1.8 is effective in preventing acute 
ischemic events, particularly fatal events, and (2) that the 
combination of low-intensity warfarin therapy and low- 
dose aspirin therapy is more effective than either agent 
used alone, but that the combination increases the risk of 
bleeding. 

On superficial examination, the effectiveness of low- 
intensity warfarin therapy in the thrombosis prevention 
study appears to be at odds with the results of the 
Coumadin Aspirin Reinfarction Study study 209 and the 
Stroke Prevention in Atrial Fibrillation (SPAF) III 
study. 210 However, in both of these latter studies, fixed- 
dose warfarin therapy was used, while in the Thrombosis 
Prevention Trial, 2 the warfarin dose was adjusted and 
varied over a wide range (from 0.5 to 12.5 mg/d). 

Acute Myocardial Infarction 

There is evidence from studies performed in the 1960s 
that moderate-dose warfarin therapy (INR, 2.0 to 3.0) is 
effective in preventing stroke and venous thromboembo- 
lism in patients with acute myocardial infarction (AMI). 
More recently, three studies reported that high-intensity 
anticoagulant therapy (INR of approximately 3.0 to 4.5) is 
effective in reducing recurrent infarction, stroke, and 
death. 

The early evidence that oral anticoagulants are effective 
for the early treatment of AMI comes from studies 
performed in the 1960s and 1970s, which reported that a 
moderate-intensity warfarin regimen (presumptive INR, 
1.5 to 2.5) is effective for preventing stroke and pulmonary 
embolism. 211 " 215 Three randomized trials evaluated the ef- 
fectiveness of oral anticoagulants in patients with AMI; 211 " 213 
two of these, the Medical Research Council study and the 
Veterans Affairs cooperative study, showed a significant 
reduction in stroke 211 - 213 and the third, the Bronx Municipal 
Study, reported a nonsignificant trend 212 One of the studies, 
the Bronx Municipal Study 212 showed a significant reduction 
in mortality, while the other two 211 - 213 showed no effect on 
mortality. There was also a reduction in the incidence of 
clinically diagnosed pulmonary embolism in all three stud- 
ies. 211 - 213 

The early evidence that oral anticoagulants are effective 
in the long-term management of AMI comes from analysis 
of pooled data from seven randomized trials published 
between 1964 and 1980 which showed that oral anticoag- 
ulant therapy during a 1- to 6-year treatment period 
reduced the combined end points of mortality and nonfa- 
tal reinfarction by approximately 20% 214-216 



The value of oral anticoagulants is supported by the 
results of three more recent studies. I20 - 217 - 218 

The study by the Sixty-Plus Reinfarction Study Group 
was limited to patients > 60 years who had been treated 
with oral anticoagulants for at least 6 months. 217 Although 
there was a significant reduction in reinfarction and in 
stroke in patients randomized to receive continuing anti- 
coagulant therapy, the findings were limited by its lack of 
generalizability as a "stopping trial" in a select age group. 
The study by Smith and associates 218 had no age restriction 
and has attracted considerable attention since it showed a 
50% reduction in the incidence of the combined outcomes 
of recurrent infarction, stroke, and mortality. The most 
recent study, Anticoagulants in the Secondary Prevention 
of Events in Coronary Thrombosis Trial, 120 also had no age 
restriction and reported a > 50% reduction in reinfarction 
and a 40% reduction in stroke. 

All three contemporary studies used high-intensity reg- 
imens (INR of 2.7 to 4.5 in the first and of 2.8 to 4.8 in the 
other two) and all reported an increased incidence of 
bleeding with anticoagulants. Indirect support for the 
efficacy of oral anticoagulants in patients with coronary 
artery disease comes from a randomized trial of patients 
with peripheral arterial disease; 219 compared with an 
untreated control group, a relatively high-intensity oral 
anticoagulant regimen (INR, 2.6 to 4.5) produced a 
significant (50%) reduction in mortality (6.8% per year to 
3.3% per year). Recently, the results of the Coumadin 
Aspirin Reinfarction Study showed that low fixed-dose 
warfarin therapy (INR < 1.5) plus aspirin therapy, 80 mg, 
is no more effective than aspirin, 160 mg, in the long-term 
treatment of AMI. 209 

Prosthetic Heart Valves 

To our knowledge, there have been no clinical trials 
comparing oral anticoagulants with an untreated control 
group in patients with prosthetic heart valves (for ethical 
reasons), but a clinical trial has confirmed the clinical 
impression that anticoagulants are effective in this group 
of patients. In this study, patients with mechanical pros- 
thetic heart valves who were treated with warfarin for 6 
months were randomized to receive warfarin (of uncertain 
intensity) or one of two aspirin-containing antiplatelet 
drug regimens. 220 The incidence of thromboembolic com- 
plications in the group who continued to take warfarin was 
significantly less than in either of the two groups who 
received antiplatelet drugs (relative risk reduction, 60 to 
79%). The incidence of bleeding was highest in the 
warfarin group. The minimum effective intensity of anti- 
coagulant therapy has been evaluated in three studies that 
compared the efficacy and safety of two levels of intensity 
of warfarin therapy. The first included only patients with 
tissue heart valves and showed that the moderate-dose 
regimen (INR, 2.0 to 2.25) was as effective, but produced 
less bleeding than the more intense regimen (INR, 2.5 to 
4,0). 221 The second study, 222 which included patients with 
mechanical prosthetic heart valves, compared a very-high- 
intensity regimen prothrombin ratio (INR, 7.4 to 10.8) 
with a lower-intensity regimen (INR, 1.9 to 3.6). There 
was no difference in effectiveness between the two regi- 
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mens, but the higher-intensity regimen produced signifi- 
cantly more bleeding. The third study, 223 which included 
patients with mechanical prosthetic valves all of whom 
received aspirin and dipyridamole, compared the efficacy 
and safety of a moderate-intensity regimen (INR, 2.0 to 
3.0) with a high-intensity regimen (INR, 3.0 to 4.5). There 
was no difference in efficacy between the two regimens 
but, as in the previous studies, the high-intensity regimen 
was associated with a statistically significant increase in 
bleeding. A more recent randomized trial has shown that 
the addition of aspirin in a dose of 100 mg/d to warfarin 
(INR, 3.0 to 4.5) results in a marked improvement in 
efficacy when compared with warfarin (INR, 3.0 to 4.5) 
plus placebo.™ The combined low-dose aspirin and high- 
intensity warfarin regimen produced a significant and 
clinically impressive reduction in mortality, in cardiovas- 
cular mortality, and in stroke. The improvement in effi- 
cacy with low-dose aspirin therapy was associated with an 
increase in minor bleeding and in a nonsignificant trend 
for an increase in major bleeding, including cerebral 
hemorrhage. The details of this study are discussed in the 
chapter on "Antithrombotic Therapy in Patients With 
Mechanical and Biological Prosthetic Heart Valves" on 
page 602S. 

In a retrospective study, Cannegieter and associates 122 
collected data on 16,081 patients with mechanical heart 
valves who had been seen at four regional Dutch antico- 
agulant clinics. All patients were treated with oral antico- 
agulants with a target range of 3.6 to 4.8. The authors 
reported that the incidence of embolic events rose sharply 
when the INR fell below 2.5, while the incidence of 
bleeding increased sharply when the INR was above 5.0. 
On the basis of this study, they concluded that the optimal 
target in patients with mechanical heart valves is 3.0 to 4.0. 

Guidelines developed by the European Society of Car- 
diology 224 related the recommended level of anticoagulant 
intensity to the severity of thromboembolic risk associated 
with specific prosthetic heart valves. They recommended 
an INR of 3.0 to 4.5 for first-generation valves, an INR of 
3.0 to 3.5 for second-generation valves in the mitral 
position, and an INR of 2.5 to 3.0 for second-generation 
valves in the aortic position. 

Atrial Fibrillation 

Five trials, all with relatively similar study designs, were 
performed. Three were carried out in the United States; 
the SPAF trial; 225 the Boston Area Anticoagulation Trial 
for Atrial Fibrillation, 226 the Stroke Prevention in Atrial 
Fibrillation Trial; 227 one trial was carried out in Denmark, 
the Copenhagen Atrial Fibrillation, Aspirin, Anticoagula- 
tion study (AFASAK); 228 and the other was performed in 
Canada, the Canadian Atrial Fibrillation Anticoagulation 
study. 229 In two of the trials (AFASAK and SPAF), a third 
group was randomized to aspirin therapy. To be eligible 
for these studies, patients were required to be good 
candidates for anticoagulant therapy. All five of the trials 
reached consistent conclusions with a pooled 68% risk 
reduction on intention-to-treat analysis. All trials reached 
a statistically significant difference, except for the Cana- 
dian study that was stopped prematurely after the results 



of other trials became available. 230 In patients who con- 
tinued to receive treatment with warfarin, the stroke risk 
reduction was > 80%. 231 The rates of hemorrhagic com- 
plications were low, with little difference between the rate 
of major or intracranial hemorrhage in the warfarin groups 
and the control groups. Minor hemorrhage was increased 
by approximately 3% per year in the warfarin group. 212 
Results from the aspirin treatment arms of the two original 
studies that randomized patients to aspirin therapy were 
consistent with a small benefit. In the AFASAK study, 
which used a 75-mg daily dose of aspirin, the 14% 
reduction in stroke was not statistically significant, while in 
the SPAF trial, a 325-mg/d dose of aspirin was associated 
with a 44% risk reduction of stroke. 

In the SPAF II 233 trial, warfarin was more effective than 
aspirin for preventing ischemic stroke. However, this 
difference was almost entirely offset by a higher rate of 
intracranial hemorrhage in the warfarin group, particularly 
patients > 75 years of age who had a rate of intracranial 
hemorrhage 1.8% per year. 

The European Atrial Fibrillation Trial study 234 com- 
pared anticoagulant therapy, aspirin, and placebo in pa- 
tients with atrial fibrillation who had sustained a mild 
stroke or transient ischemic attack within the last 3 
months. There was a 68% reduction in stroke with anti- 
coagulant therapy and a 16% stroke risk reduction in the 
aspirin group (not significant). Of interest, the reduction 
in stroke with an aspirin dose of 300 mg/d was comparable 
to the reduction observed in the AFASAK study that used 
an aspirin dose of 75 mg/d. None of the patients in the 
anticoagulant group of the European Atrial Fibrillation 
Trial suffered an intracranial hemorrhage. 

The intensity of anticoagulant therapy was higher in the 
SPAF trials than in the other primary prevention studies. 
In addition, most patients who suffered an intracranial 
hemorrhage during any of the trials had relatively high 
levels of anticoagulation, estimated INRs > 3.0 at the time 
of the hemorrhage. 119 Therefore, it is possible that the 
high rates of cerebral hemorrhage observed in the antico- 
agulant group in the SPAF II study were related to the 
high intensity of anticoagulation in the elderly patients 
who are at particularly high risk for intracranial hemor- 
rhage when INR values are > 3.0. 

Since the last communication, the SPAF III study has 
been published. 210 The results show that warfarin (INR, 
2.0 to 3.0) is much more effective than fixed-dose warfarin 
(3 mg) plus aspirin. 

Other Indications 
There are other important and well-accepted indica- 
tions for oral anticoagulant therapy, but the use of oral 
anticoagulants for these indications has never been evalu- 
ated in properly designed clinical trials. Thus, oral antico- 
agulants have not been compared with an untreated 
control group or with another antithrombotic regimen in 
patients with valvular heart disease (with or without atrial 
fibrillation) or in patients who have suffered at least one 
episode of systemic embolism. Long-term oral anticoagu- 
lant therapy is indicated in patients with valvular heart 
disease with associated atrial fibrillation and in other 
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selected patients with mitral stenosis (this » fussed m 
the chapter on "Antithrombotic Therapy m VM«M 
Disease" on page 590S). The optimal therapeutic range to 
lis indications uncertain, but on the basis of current 
evidence, it would be reasonable to use the moderate-do e 
regimen of an INR of 2.0 to 3.0. Oral anticoagulants are 
indicated in patients who have suffered one or more 
episodes of systemic embohsn. The optimal fenprt* 
range is uncertain. A moderate dose regimen (INR, 2.0 to 
3 0) is recommended until further information ,s available. 
Anticoagulants are not indicated in patients with nonem- 
bolic cerebrovascular disease. 235 

In summary, therefore, there is good evidence that a 
moderate-dose oral anticoagulant regimen with a _ targeted 
therapeutic range of an INR of 2.0 to 3.0 is effective in the 
prevention of venous thrombosis, in ^ treatment of 
venous thrombosis after an initial course of ^hepann in ^the 
prevention of systemic embolism in patients with AMI in 
patients with prosthetic tissue heart valves, and in patients 
with chronic atrial fibrillation. There is also suggestive 
evidence that this moderate-dose reg^n >s effectwe >n 
preventing systemic embolism in patients wrth atnal fibril- 
lation who undergo direct current cardioversion.^ Itrs 
generally regarded that a more intense anticoagulant 
fffect is'required to P-de Protection injabe^ wiA 
some mechanical prosthetic heart valves This im 
passion is based o ? n a large amount of clinical e = ence 
and on the results of a retrospective suivey. 237 It has never 
been confirmed by randomized trial. 

Adverse Effects 

Bleeding is the main complication of oral ^c^agulant 
therapy. The risk of bleeding is influenced by the intensity 
of anticoagulant therapy-^.— - Table 7), by he 
patient's underlying clinical disorder, > 39239 and by the 
Scomitant use^ aspirin, which both ^^JS 
function and produces gastric erosions and when used m 
very high doses, it impairs synthesis of vitamin K-depen 
dent clotting factors. 54 59 , 

Four randomized studies have demonstrated that the 

risk of clinically important "^J^^^SS " 
the therapeutic range from 3.0 to 4.5 to 2.0 to 
Although this difference in anticoagulant intensity is asso- 
ciated tvith a reduction of the mean dose of warfanr of 
only approximately 1 mg, the effect on bleeding is impres- 

S1V The risk of major bleeding has been reported to be 
increased by age > 65 years, a history of stroke or Gl 
bleXg 7rial g fibrillation, and the presence of senous 
236 conditions such as renal insufficiency or ane- 
mia 130.238 Bleeding that occurs when the INR is < J.u is 
frequendy associated with an obvious underlying cause or 
an^cult GI or renal lesion - The hemorrhagic comply 
cations of warfarin are discussed in detad m *e chapter on 
"Hemorrhagic Complications of Anticoagulant Therapy. 

Tev^ra. studies have reported that the elderly are more 
prone to bleeding, even after controlling for the intensity 
of the anticoagulant effect.! 2 '- 235 In addition, elderly peo- 
ple show an exaggerated anticoagulant response to warfa- 



rin 24 « possibly because the clearance of warfarin declines 
with age. 241 - 242 It is prudent, therefore, to initiate warfarin 
therapy with lower doses in the elderly. 

The most important nonhemorrhagic side effect of 
warfarin is skin necrosis. This uncommon complication^ 
usually observed on the third to eighth day of therapy 243 - 244 
and is caused by extensive thrombosis of the venules and 
capiHaries within the subcutaneous fat. An association has 
Sen reported between warfarin-induced skm necros* 
a„d protein C deficiency 24 - 247 and less commonly, prote n 
S deficiency, 24 * but this complication can also occur ,n 
nondefident individuals. The pathogenesis of this stnking 
eomplication is unknown. A role for protein C deficiency 
seems probable and is supported by the s,m lanty of the 
lesions to those seen in neonatal purpura fulminans that 
comXates homozygous protein C deficiency. The reason 
for die unusual localization of the lesions remains a 
mystery The treatment of patients with warfann-.nduced 
Znecrosis who require life-long ^coagulant 4erapy« 
problematic. Warfarin is considered to be contraind.cated 
and long-term heparin therapy is inconvenient and asso- 
ciated with osteoporosis. A reasonable approach in such 
patients is to restart warfarin therapy at a low dose, eg, 2 
n,f under *e coverage of therapeutic doses of heparin 
and to increase the warfarin dosage gradually over sevend 
weeks This approach should avoid an abrupt fal in 
:S2n C levefbefore there is a reduction in the levels of 
Factors II, IX, and X and has been shown to be free of 
recurrence of skin necrosis in a number of case re- 
ports. 246 - 247 

Pregnancy 

Oral anticoagulants cross the placenta and can produce 
a characteristic embryopathy, CNS abnormalities ^ or fetal 
bleeding 2 ' This complication is discussed in .detail in the 
chapter on "Use of Antithrombotic Agents Dunn ; Preg- 
nancy " page 524S. Warfarin should not be used in the first 
SSaS o'f pregnancy and, if possible, it sh ou.d also be 
avoided throughout the entire pregnancy. In some cases, 
however eg, a mechanical heart valve treated with warfa- 
nrX^'there is a high risk of embolism, and ^U-dose 
heparin cannot be used, or where a temporary loss oi 
Srapeutic control would be life-threatening, a decision 
to continue warfarin therapy throughout pregnancy could 
beatified. Heparin is preferred when anticoagulants are 
Seated in pregnancy. There is convincing evidence that 
warfarin does not induce an anticoagulant effect ,n the 
breast-fed infant when the drug is administered to a 
nursing mother. 249 250 
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Endotoxin and thrombin elevate rodent endothelial cell pro tein C receptor mR NA 
levels and increase receptor shedding in vivo 

Jian-Ming Gu, Yasuhiro Katsuura, Gary L Ferrell, Paula Grammas, and Charles T. Esmon 



The endothelial cell protein C receptor 
(EPCR) facilitates protein C activation by 
the thrombin-thrombomodulin complex. 
Protein C activation has been shown to 
be critical to the host defense against 
septic shock. In cell culture, tumor necro- 
sis factor-ox (TNF-a) down-regulates EPCR 
expression, raising the possibility that 
EPCR might be down-regulated in septic 
shock. We examined EPCR mRNA and 
soluble EPCR levels In mice and rats 
challenged with lethal dose 95 levels of 
endotoxin. Toxic doses of TNF-a failed to 



alter EPCR mRNA levels in mice. Rather 
than EPCR mRNA levels falling In response 
to endotoxin, as predicted from cell- 
culture experiments, they rose approxi- 
mately 3-fold 6 hours after exposure to 
endotoxin before returning toward base- 
line levels at 24 hours after exposure. 
Soluble EPCR levels rose approximately 
4-fokL Infusion of hirudin, a specific throm- 
bin inhibitor, before endotoxin exposure 
almost completely blocked the increase 
In EPCR mRNA and soluble EPCR. Con- 
sistent with the idea that the responses 



were mediated by thrombin, thrombin Infu- 
sion (5 U/kg of body weight for 3 hours) 
resulted in an approximately 2-fold Increase 
in EPCR mRNA and soluble EPCR. Incuba- 
tion of rat endothelial cells with thrombin 
or murine protease-activated receptor 1 
agonist peptide resulted In a 2-fold In- 
crease In EPCR mRNA. These results 
indicate that thrombin plays a major role 
In up-regulating EPCR mRNA and shed- 
ding in vivo. (Blood. 2000;95:1687-1693) 
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Introduction 



The protein C anticoagulant pathway provides a critical, on- 
demand mechanism for regulation of blood coagulation (reviewed 
by Esmon 1 ). The pathway is initiated when thrombin binds to 
thrombomodulin on the surface of the endothelium, and this 
complex catalyzes protein C activation. Activated protein C (APC) 
functions as an anticoagulant by proteolytic inactivation of the 
coagulation cefaclors, factor Va and factor Villa- Patients with 
protein C deficiency usually have life-threatening thrombotic 
complications in infancy 2 that can be corrected by administration 
of protein C. 3 In addition to modulating the coagulation response, 
the protein C anticoagulant pathway also appears to modulate the 
inflammatory response. In vivo, APC administration prevented the 
lethal effects of Escherichia coli infusion in a baboon model of 
gram-negative sepsis, 4 and preliminary clinical results suggest that 
protein C is effective in treating certain forms of septic shock." 
In vitro, APC has been reported to inhibit endotoxin-induced tumor 
necrosis factor-o; (TNF-a) elaboration by monocytes 8 and to inhi- 
bit leukocyte adhesion to selectins. 9 The exact mechanism by 
which the protein C pathway modulates inflammatory responses 
remains unknown. 

In an effort to gain further insights into the mechanisms by 
which APC might modulate inflammation, we sought to identify 
candidate protein C/APC receptors. In pursuit of this goal, we 10 and 
others" identified high-affinity binding sites for protein C and APC 
on vascular endothelium. The responsible glycoprotein, named the 
endothelial cell protein C receptor (EPCR), was identified by 



expression cloning and was suggested to be a member of the 
CDl-major histocompatibility complex class I family of molecules 
on the basis of sequence homology. 10 Protein C binding to EPCR 
augments protein C activation by the thromrjm-mrombomodulin 
complex on the cell surface. 12 Binding of APC to soluble forms of 
EPCR blocks the APC anticoagulant activity and the ability of APC 
to inactivate* factor Va without altering sensitivity to inhibition by 
protein C inhibitor and a r antitrypsiiL 13 Presumably, mis inhibition 
of APC anticoagulant activity reflects a change in enzyme specific- 
ity toward a new, unidentified substrate. 

Immunohistocbemical analysis of human and baboon organs 
indicated that EPCR expression is quite specific to endothelial cells 
and that it is expressed primarily on the surface of large vessels. 14 
In endothelial cell cultures of human, bovine, or murine origin, 
EPCR expression was down-regulated by the inflammatory media- 
tor TNF-a. 10 - 15 Because protein C activation and function were 
shown to play a critical role in the host defense against bacterial 
challenge, 4 * 16 - 17 we thought it was important to understand the 
regulation of EPCR in vivo during challenges with endotoxin. 
During our analysis of the 5' flanking region of the murine and 
human EPCR genes, we identified a thrombin response element, 
CCC ACCCC, that in the context of the rest of the EPCR promoter, 
was necessary for the induction of murine EPCR mRNA by 
thrombin in cell culture. 18 The presence of a positive regulatory 
element in the gene raised the question of whether thrombin might 
overcome down-regulation by TNF-a in vivo. 
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and heart was similar. Immunohistochemical analysis of the tissues 
before and after endotoxin exposure indicated that EPCF expres- 
sion was still restricted to the large vessels and was low to absent in 
the capillaries (data not shown), as was found previously in tissue 
from a patient who died of bronchopulmonary dysplasia. 14 The 
increase in EPCR was temporally linked to fibrinogen consump- 
tion, which is indicative of thrombin generation. Therefore, we 
considered the possibility that thrombin might be responsible for 
up-regulation of the EPCR gene. 

Thrombin generation contribute© to Induction 
of rat EPCR mRNA 

To examine the possible role of thrombin in endotoxm-mediated 
up-regulation of EPCR mRNA, we infused hirudin, a specific 
thrombin inhibitor, before administration of LPS. As expected, 
control experiments in which hirudin alone was infused did not 
result in changes in either EPCR mRNA or fibrinogen levels (data 
not shown). Hirudin diminished the LPS-mediated EPCR mRNA 
up-regulation in lung tissue (Figure 4A), decreasing the response 
from a 2.9-fold increase to a 1.4-fold increase (P « .0022) (Figure 
4B). Similar results were obtained in heart tissue. The fibrinogen 
level decreased less in the presence of hirudin than in its absence, 
but there was still a decrease (Figure 4C), indicating either that the 
hirudin had not totally inhibited thrombin or that other factors 
contributed to the decreases in fibrinogen. These results implicate 




(d»4) 0*=5) (o«5) 

Figure 4. Decrease by hirudin administration of LPS-modlated up-regulation of 
EPCR mRNA levels. (A) Rate were surgically prepared and injected with saline (N) 
or LPS atone (LPS) or infused with hirudin before and after LPS injection (LPS + 
hirudin). Total RNA was prepared from rat lungs and hearts isolated 6 hours after LPS 
injection and used tor Northern Wot analysis. (B) Below the Northern blot is the 
quantitation of the change based on the ratio of the intensity of EPCR to CHO-B 
mRNA on the Phosphorlmager. (C) Changes in fibrinogen levels in the above animals 
treated with LPS or LPS plus hirudin. 
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Figure 5. Increases In EPCR mRNA levels In rat lungs with Infusion of thrombin. 

Bovine thrombin (5 U/kg infused per hour) and hirudin (100 U/kg infused per hour) 
were infused into the femora] vein of rats, and the lungs and hearts were removed 3 
hours later for the extraction of total RNA. (A) Northern blot analysts. (B) Below the 
Northern blot is the quantitation of the change based on normalization of the signal of 
EPCR mRNA to that of CHO-B mRNA on the Phosphorlmager. 

thrombin as a major mediator of endotoxin-induced up-regulation 
of EPCR mRNA. 

Thrombin alone can up-regulate EPCR expression in vivo 

To test directly the possibility that thrombin can up-regulate EPCR 
mRNA, thrombin was infused into rats for 3 hours at the rate of 5 
U/kg per hour. EPCR mRNA levels had risen approximately 2-fold 
by the end of this infusion (Figure 5). Hirudin was used as a control 
protein in the infusion; there was no change in EPCR mRNA levels 
in response to hirudin infusion alone. 

Endotoxin-induced increases in soluble EPCR levels In rats 
can be blocked by hirudin 

In addition to increasing the endotoxin up-regulation of EPCR 
mRNA, endotoxin injection increased soluble EPCR antigen levels 
in serum (approximately 4-fold after 6 hours) (Figure 6A). Like the 
mRNA elevation, this rise in serum EPCR levels was also blocked 
by hirudin (Figure 6A). These results implicate thrombin as a major 
mediator of endotoxin-induced shedding of soluble EPCR. To 
further test this hypothesis, thrombin was infused for 3 hours at the 
rate of 5 U/kg per hour. At the end of this infusion, the serum EPCR 
levels had risen approximately 2-fold (Figure 6B) compared with 
the control and hirudin-only groups. 

We next examined the time course of soluble EPCR release. 
Because most rats die within 24 hours when injected with an LD95 
dose (50 mg/kg) of endotoxin, we reduced the dose to 20 mg/kg. 
Serum was collected through me tail vein at different times- Even mis 
lower dose caused 2 of the 4 rats to die within 24 hours. In Figure 6C, 
therefore, each animal is represented individually, with a different 
symbol, in the time course. The last point represents serum collected at 
the time of death except for the 2 animals that survived for 24 
hours. The soluble EPCR levels rose with time. In the surviving 
animals, the levels returned toward baseline values by 24 hours. 
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thrombin After a 6-hour incubation with even relatively low 
concentrations of thrombin (0.1 U/mL), EPCR mRNA levels were 
increased (Figure 6A). Thrombin increased EPCR mRNA in a 
time-dependent manner, with peak levels reached at 12 hours of 
incubation (data not shown). 

To test whether thrombin-mediated up-regulatton of EPCR is 
mediated by a protease-activated receptor, we stimulated ^tbe cells 
with the agLst peptide SFFLRNPSE formPARl* or SUGRLfor 
mPARl. 17 After a 6-hour incubation, the mPARl agonist peptide 
increased EPCR mRNA levels approximately 2-fold (Figure 7), a 
response similar to that observed with thrombin. Incubation with 
mPAR2 bad no effect on EPCR mRNA levels. These results 
indicate that thrombin mediates up-regulation of EPCR mRNA in 
endothelial cells through mPARl . 

Endotoxin does not change tteeue levels of EPCR 

Given that endotoxin elicits both an increase in EPCR mRNA and 
soluble EPCR levels, the question of whether there is a net change 
in tissue EPCR expression arises. We found that EPCR levels m the 
heart and lung changed very tittle in response to either endotoxin or 
thrombin infusion (Table 1 ). These results suggest that the increase 
in mRNA may prevent the shedding of the receptor from diminish- 
ing EPCR levels in the endothelium. 
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Figure 6. Increase, by LPS In the soluble EPCR levels in fat. th* «. be 
WoXd b, hirudin. (AJSerum from normal controls (r. = 6) (" - «)• 
aSglnLPS pkVhaudin (n = 6) a. 0.3. and 6 hours after adm^^.om» 
agents le assayed f« sotubte EPCR revets by en^e^k^rn^os^ert 
2eay (ELISA). (B) Changes in soluble EPCR levete ,m "^^^ 
Z^Wnor hirudin alone (C) Rate were injected with LPS (20 mg/kg) through the tea 
^^^^ ejected a. the^Lted times through -he trf v«n and 
Te SayXmesoiubte EPCRby ELISA.hthe2 ar^te^hattf.ed.the teadata 
conesponos to the serum sampte obtained at the wne ol death. 

Thrombin and mPARl can up-regutate EPCR mRNA 
levels In cell culture 

The in vivo thrombin response could be indirect To determine 
whether thrombin affected expression of EPCR m rat aortic 
endothelial cells directly in culture, these cells were treated with 
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were maintained in serum-free media lor 24 hours and were then X '^^^± 
HoXTbovine thrombin. 10 pmoUL ol murine 
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CHO-B intensity. 
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Tablet Endothelial cell protein C receptor (EPCR) levels * *^£ m 
^I raS andfrom rats given HpopotysaccharWe B from E coll 0127:B8 

(LPS) or thrombin 



Tissue 



Control (n = 5) 



LPS(n-5) 



Thrombin (n - 2) 



904.1 ± 284.5 
13247 ± 278.1 



675.2 i 255.4 
1593.6 £ 645.2 



©84.7 S 263.1 
1290.6*312.9 



Lung 

Heart 

Pbrts were either irnected with endotoxin (60 rng/kgj or infused wWithTombin^ 

, . J^^TJ Shouret^ hours after endotowi injection and 3 hours after thrombin 
Uikg hour tor 3 howa)J« 

use of TrtonX-100. ^rTresulls are expressed as the mean i SE In 

EPCR levels are given m mgfg. 
Vascular distribution after endotoxin chaMenge 

One possible cause of EPCR mRNA up-regulation is that EPCR 
expression is selectively increased in the n^vasculature _Immu- 
nobLtochemical staining, performed essenUaUy as descnbed pi- 
ously* failed to detect increases in EPCR express^ in toe 
micLasculatnre. In addition, the EPCR expression levels m toe 
kidney and brain did not appear to change significantly, which 
constitutes strong evidence against the possibility of organ-specific 
differences in regulation (date not shown). 



Discussion 



These studies demonstrate that, contrary to predictions derived 

up-regulate EPCR mRNA levels. Presumably, ibis is due to 
22. in transcription, since a putative thrombin response 
Sen^tispresentintheS^ 

SSSse reporter constructs containing this element c^ be 
danced bYtorombin treatment of the transfected cells.'* and 
arnmals with this region of the EPCR promoter have 
leased expression of «be transgene only if die torombin response 
Sent is not mutated (Gu and Esmon, unpublished observa^ 
oTTndings with himdin indicate mat the endotoxin-media^ 
uTregulation has a strong requirement for thrombin generaUon 
tL could result from either thrombin effects on the endoAehum 
^rgeneration of mrombin^ependent products wh.ch could 
include for instance, platelet-release products. On the basis of the 
c^ot data, winch showed mat thrombin could mcrease 
E^R mRNA directly, it appears mat at le£ *>me oMbe 
stimulation is dueto directmtombin effects on ^°thehuin. Th^ « 
aUeast partly mediated by mPARl because mPARl ^p^de 
and thrombin induced a similar enhancement of EPCR ^mRN£ 
Thus, it is likely mat the thrombin-induced increase ml EPCR 
Stlil serves to up-regulate EPCR protem jn*e.s. m- 
creased synthesis may be offset by increased Aeddmg oftt* 
receptor, as reflected by the substantial increases in serum EPCR 
levels observed in response to endotoxin. 

can enhance EPCR shedding from human umbilical vem endothe- 
S cells. 28 This is apparently mediated by the activation of a 
Likely that the soluble EPCR mat appeared 

treatment^ 
^ which did not protect die ^ ^^^f ^ 
endotoxin, blocked the endotoxin-induced soluble EPCR forma 
*o unlikely that the soluble EPCR was caused by 
Native splicing of the mRNA. Although we have de*c£ 
alternatively spliced mRNA that would code for so fWTOUte 
levels of me alternatively spliced transcript were low both before 
and after endotoxin treatment (unpublished observations). 



Other agonists can also elicit EPCR shedding, raising the 
question of whict ronists are most important in vivo. Our ament 
daS indicate that .ombin appears to be critical or sheddmg at 
least in the contex J endotoxin. We previously found, however, that 
other agonists can work synergistically with thrombin to augment 
S from endothelium in culture- The possibility »t£«b» 
works synergistic with other agonists to increase EPCR shed- 
ding further cannot be addressed readily by in vivo studies. 

OuTorigmal goal in searching for EPCR was to attempt to 
expiam the Sility of APC to modulate the response 
of £ coU in baboons* and to protect against -emngococcenna m 
humans." When EPCR mRNA and function were found to be 
"regulated in response to endotoxin and TNF-a m ceD culture, 
ft lp^that EPCR might not be a candidate for the m vivo 
res^nsTat least in meningococcemia. Patients with menmgococ- 
cemta are often treated relatively late in the disease course- many 
hours after the onset of the infection, when the cen-culdire data 
would predict that EPCR levels would be extremely low. The 
oto^ationspresented here suggest that EPCR would be relatively 
wXxpreJd under these conditions. Consistent with this possibd- 
S SSstochemical studies of vessels from a pati^twho 
died of respiratory distress syndrome revealed high levels of EPCR 

Sfm^moSular specificity of APC is altered when bound to 
soluble EPCR," the possibility that this receptor is involved in 
inflammatory responses in gram-negative *ps* 
Remains vfable. Initial experiments in a primate model ctEa* 
septic shock have provided preliminary support for tins riea_ * 
these experiments, blocking protein C binding to EPCR with a 
^oclocl^tibody dramatically increased leukocyte m^raoon 
TZ ► the tissues and induced a capillary leak syndrome in response 
to low-level E coii infusion. 

JstTdies with results possibly related to the curmit findnigs 
wetdentified moderately high levels of EPCR^ ^ P^f 
healthy human donors. 29 The levels of plasma EPCR werejdevated 
L Sammatory disease states such as sepsis and lupus eiythema^ 
Tu^^possible that the induction of mRNA observed here is a 
mecha^il to help compensate for the loss of EPCR fl» 
membrane surface that occurs in disease states ~a«d< wA 
emulation and inflammation. The observation that .the^eddmgof 
EPCR and the increase in mRNA are temporally snnil* ^and both 
mediated by thrombin suggests that the release of ^soluble EPCR 
may play an important, unidentified role in the phy^ologic 
SLnse to endotoTm support of mis conclusion we observed 
JKfic binding sites for soluble EPCR on -Uvatod lenkocyte^ 
anT found that the binding interaction is mediated ^ly bj 
^oteinase 3 the autoantigen found in Wegener's granulomatosis. 
StorXdV^ugh the 8 levels of soluble ^ 
smTwere too low to impair APC anticoagulant fu^mo^of 
theToluble EPCR would be in complex with the piotem C-APC 
since tire concentrations of these components are^jbantbe 
S for EPCR-proteinC interaction <~30-50 nmoVL). Therefore, rf 
fhe does have altered specificities, 

EPCR would allow expression of these activities throughout the 
blood stream 
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Abstract 

Sepsis is a frequent complication of critically ill 
patients and its incidence is increasing. Currently, 
septic shock is the most common cause of death in 
noncoronary intensive care units. Over the last 10 
to 1 5 years, new antibiotics and increasingly sophis- 
ticated critical care have had little impact on the 
mortality rate of septic shock. The Italian SESPIS 
Study, carried out in 99 intensive care units in 1994 f 
reported mortality rates of 52% and 82% for severe 
sepsis and septic shock respectively. New thera- 
peutic approaches aimed at neutralizing microbial 
toxins and modulating host mediators have shown 
some efficacy in large clinical trials and/or in animal 
models, but to date, no therapy of sepsis aimed at 
reversing the effects of bacterial toxins or of harm- 
ful endogenous mediators of inflammation has 
gained widespread clinical acceptance. Because of 
the strong association of severe sepsis with a state 
of activation of blood coagulation and the potential 
role of capillary thrombosis in the development of 
the multiple organ dysfunction syndrome, anticoag- 
ulant agents have been tested in the setting of spet- 
ic shock. However, neither administration of hepann 
nor of active site-blocked factor Xa or of anti-tissue 
factor antibodies has proven effective in preventing 
deaths due to septic shock in animal models. In con- 
trast, infusion of antithrombin, protein C, or tissue 
factor pathway inhibitor all resulted in a significant 
survival advantage in animals receiving lethal doses 
of E. Coll Antithrombin concentrates have been used 
in a significant number of critically ill patients. A dou- 
ble-blind, placebo controlled study carried out in 3 
Italian intensive care units has recently shown that 
the administration of antithrombin aimed at normal- 
izing plasma antithrombin activity had a net benefi- 
cial effect on 30-day survival of patients requiring 
respiratory and/or hemodynamic support because of 
severe sepsis and/or post-surgery complications. 
©1999, FerTata Storti Foundation 

Key words: sepsis, septic shock, diffuse intravascular fib- 
rin formation, antithrombin replacement therapy, protein C 
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nfection is a common cause of admission into 
intensive care units (ICUs) and a frequent com- 
plication of critically ill patients. A series of factors 
have contributed to the increasing incidence of sep- 
sis and of septic shock. Immunosuppressive therapy 
for malignancy, organ transplantation, or inflam- 
matory disease places patients at increased risk of 
infectious complications. Patients predisposed by 
underlying diseases such as diabetes mellitus, renal 
failure, and cancer are more likely to suffer an 
increased rate of infections because they have now a 
longer life-expectation. Invasive life support proce- 
dures (hemodynamic and respiratory support) and 
broad-spectrum antibiotics have created a large hos- 
pital-based population at risk of nosocomial infec- 
tion by resistant micro-organisms. 

Septic shock is currently the most common cause 
of death in non-coronary ICU. 12 Mortality is related 
to the severity of sepsis and of the underlying disor- 
der that is nearly always present. Agreement about 
the definition of a septic syndrome has been only 
recently achieved. In 1992, a Consensus Conference 
of the American College of Chest Phpicians and Society of 
Critical Care Medicine established a set of definitions 
that could be applied to patients with sepsis and its 
sequelae. 3 The term sepsis implies a clinical response 
arising from infection, but a similar, or even identical, 
response may also develop in the absence of infec- 
tion. This systemic inflammatory response syndrome 
(SIRS) can occur following a wide variety of insults, 
infectious or non-infectious, the latter including pan- 
creatitis, ischemia, multiple trauma and tissue injury, 
etc. SIRS is defined by the occurrence of two or more 
of the following conditions: temperature >38°C or 
<36°C, heart rate >90 beat/min, respiratory rate >20 
breath/min or PaC02 < 32 torr, white blood ceil 
count >12,0007pl or >10% immature forms. When 
the systemic inflammatory response syndrome is the 
result of a confirmed infectious process, it is termed 
sepsis. 

Sepsis and its sequelae represent a continuum of 
clinical and pathophysiological severity. Sepsis is 
defined as severe when it is associated with organ dys- 
function, hypoperfusion abnormalities or sepsis- 
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induced hypotension. Hypoperfusion abnormalities 
include lactic acidosis, oliguria, or an acute alteration 
of mental status. Sepsis-induced hypotension is 
defined by the presence of a systolic blood pressure 
of <90 mm Hg or its reduction by more than 40 mm 
Hg from the baseline, in absence of other causes for 
hypotension (cardiogenic shock etc.). Septicshock is a 
subset of severe sepsis and is defined as sepsis- 
induced hypotension, persisting despite adequate flu- 
id resuscitation, along with the presence of hypoper- 
fusion abnormalities or organ dysfunction. Patients 
receiving inotropic or vasopressor agents might no 
longer be hypotensive by the time they manifest 
hypoperfusion abnormalities or organ dysfunction, 
yet they are still considered affected by septic shock. 

A frequent complication of SIRS is the development 
of organ system dysfunction, as a process of progres- 
sive failure of several interdependent organ systems. 
The detection of altered organ function in acutely ill 
patients constitutes a syndrome that should be termed 
multiple organ system dysfunction syndrome (MODS), in 
which organ function is not capable of maintaining 
homeostasis. 4 s The term dysfunction emphasizes the 
dynamic nature of the process, although specific 
descriptions of this continuous process are not cur- 
rently available. Multiple organ dysfunction syndrome 
is subject to modulation by numerous factors, both 
interventional and host-related, at varying time peri- 
ods. MODS may be primary when it occurs early in 
response to a well-defined insult such as trauma, pul- 
monary contusion, rhabdomyolysis. massive transfu- 
sions, or it may be secondary to the host response to 
the insult when it is characterized by a generalized acti- 
vation of the inflammatory reaction in organs remote 
from the initial insult. When due to infection, sec- 
ondary MODS usually evolves after a latent period 
after the provoking injury or event, and is a frequent 
complication of severe infection. 

Pathogenesis 

The pathogenesis of sepsis and septic shock are 
not completely understood. Gram-positive organ- 
isms releasing exotoxins, Gram-negative organisms 
containing endotoxins and fungi can initiate this 
pathogenic cascade. The process begins with the pro- 
liferation of micro-organisms at a nidus of infection. 
The organisms may invade the bloodstream directly 
(leading to a positive blood culture) or may prolifer- 
ate locally and release various substances into the 
bloodstream. These events trigger host cells (neu- 
trophils, monocyte-macrophages) to release a variety 
of interacting cytokines (tumor necrosis factor [TNF], 
interleukins, interferons). This results in the activa- 
tion of several pathways (complement, coagulation, 
fibrinolytic, and hormonal) and in the increased pro- 
duction of numerous endogenous mediators (C5a, 
eicosanoids, endorphins, toxic oxygen radicals, nitric 
oxide, and platelet-activating factor), with profound 
physiologic effects on the cardiovascular system and 



on the function of other organs. 6 

Early in severe sepsis, systemic vascular resistance 
decreases - primarily mediated by the release of brady- 
kinin and histamine - and cardiac output increases. In 
this hyperdynamic phase, septic shock is a classic form 
of distributive shock, resulting from abnormal distrib- 
ution of blood flow. Despite an often elevated cardiac 
output, tissue oxygen utilization is reduced. 7 8 The 
decreased artero-venous oxygen difference suggests 
that oxygen is not reaching or not being used by tis- 
sues. The exact mechanisms responsible for decreased 
tissue perfusion are poorly understood. In septic shock, 
many vascular beds are dilated, but some are con- 
stricted, and some are occluded by microthrombi. The 
aggregation of neutrophils and platelets may lead to 
impairment of blood flow. Neutrophil migration 
occurs along the vascular endothelium, resulting in the 
release of many mediators and the migration of neu- 
trophils into tissues. Neutrophils can release active oxy- 
gen species, such as superoxide radicals, that can 
directly damage cells. Components of the complement 
system, such as C5a, are activated. Inflammatory 
mediators, such as prostaglandins and leukotrienes are 
released from many types of cells and can cause either 
vasoconstriction or vasodilatation, with increased 
permeability of the vascular endothelium and passage 
of fluid from the intravascular to the interstitial fluid 
space. Endothelial damage may perse decrease oxygen 
and substrate utilization by the tissues. 

In the hyperdynamic phase blood pressure is normal 
or slightly reduced, the skin is warm and dry, there is 
tachycardia, urine output is satisfactory, and the 
patient hyperventilates and is pyretic. Fever results 
from the direct effects of endotoxins and interleukin- 
1 on the hypothalamus. The release of inflammatory 
mediators and endothelial damage also lead to the 
development of diffuse intravascular fibrin formation 
(DIFF) and deposition, followed by a secondary bleed- 
ing tendency. DIFF decreases organ blood flow, caus- 
ing hypoxia, lactic acidosis, organ dysfunction and 
failure. 9 This occurs especially in the circulation of the 
lungs, liver, kidneys, and gastric mucosa with the man- 
ifestations of secondary MODS, 

If the clinical state is not recognized and treated 
within a few hours the patient enters the hypotensive 
phase of septic shock, in which the combination of 
decreased systemic vascular resistance and myocar- 
dial depression induces hypotension which is inde- 
pendent from adequate fluid resuscitation. 10 A 
reversible depression of myocardial function, with 
decreased ejection fraction and left ventricular dila- 
tion, is common in septic shock. Circulating anti- 
inotropic substances, termed myocardial depressant 
substances, 11 12 may play an important role in the 
pathogenesis of myocardial depression. In the hypo- 
tensive phase the patient is oliguric with cold, pale 
skin, and is cyanotic, features which are typical of an 
established shock syndrome. As a consequence of the 
arteriolar dilation and of the increased capillary and 
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post-capillary venule permeability, especially in the 
infected tissues, there is increased fluid transfer from 
capillaries to the interstitial fluid. The hypovolemia 
decreases venous return, cardiac output and blood 
pressure. Baroreceptor compensation increases sym- 
pathetic activity so causing vasoconstriction in the 
skin the splanchnic areas, kidney and muscles. 

Bronchoconstriction is an early finding in many 
patients with severe sepsis. This is probably due to 
endotoxin or to release of inflammatory mediators. 
At this time the chest radiograph is often normal, but 
gas exchange may be mildly abnormal. Later, if sep- 
tic shock occurs many patients develop diffuse alve- 
olar damage consistent with the adult respiratory dis- 
tress syndrome" (ARDS). From 40% to 60% of patients 
with Gram-negative septic shock develop AKUb. 
Alveolar-capillary membrane damage allows for leak- 
age of fluid and proteins into the pulmonary inter- 
stitium. Alveoli are subsequently flooded, causing a 
marked increase in intrapulmonary shunting and 
severe arterial hypoxia. At this stage the chest radio- 
graph demonstrates diffuse bilateral alveolar infil- 
trates Hypoxic pulmonary vasoconstriction, in situ 
thrombosis, and aggregation of neutrophils and 
platelets in the pulmonary microvascular system 
increase pulmonary artery pressure and right ventric- 
ular afterload, leading to a worsening of right ven- 
tricular performance. 

In addition to the cardiopulmonary systems, other 
systems may sequentially become dysfunctional in sep- 
tic shock because of the role of inflammatory media- 
tors Visceral hypoperfusion and decreased intestinal 
peristalsis may lead to alterations of the barrier func- 
tion of the gastrointestinal tract; gastrointestinal bleed- 
ing may follow stress ulceration of the gastric mucosa. 
Liver dysfunction may manifest as hyperbilirubinemia, 
elevated aminotransferase levels, cholestasis, progres- 
sive and intractable hypoglycemia and hypoalbum.ne- 
mia As kidney function declines, urine output falls and 
blood urea and creatinine levels rise. Renal failure is 
mainly due to acute tubular necrosis induced by 
hypotension or capillary injury, but drug-induced renal 
damage may also occur. Alterations of the mental sta- 
tus can occur, ranging from mild confusion and lethar- 
gy to stupor and coma; abnormalities in the blood 
brain barrier and changes in the concentrations of cir- 
culating aminoacids frequently accompany this obtun- 
dation of sepsis.™ Abnormalities of the clotting system, 
ranging from mild prolongation of the prothrombin 
time and of the partial thromboplastin time, to pro- 
found thrombocytopenia and frank disseminated 
intravascular coagulation are common in patients with 
septic shock. 
Treatment 

The treatment strategy for severe sepsis and septic 
shock is based on the provision of intensive life sup- 
ports the eradication of micro-organisms, the neu- 
tralization of microbial toxins, and the modulation of 



host mediators. 16 

Intensive life supports totnaintain vital functions 
involve careful monitoring of patients in a critical care 
unit setting. Metabolic derangements (electrolyte dis- 
turbances, acidosis) should be aggressively corrected, 
as they can worsen the hemodynamic abnormalities 
of septic shock. The hematocrit should be main- 
tained above 30% to improve the oxygen-carrying 
capacity. Respiratory failure requires mechanical ven- 
tilation. 

Patient monitoring is essential to the choice of the 
cardiovascular support and includes cardiac rhythm 
monitoring, intra-arterial invasive blood pressure 
monitoring, right-sided heart catheterization with a 
Swan-Ganz catheter, and laboratory monitoring of 
the metabolic profile. 

All patients with severe sepsis and septic shock have 
moderate to profound intra-vascular hypovolemia due 
to vasodilatation and loss of fluids in the extravascuiar 
spaces. The type and amount of fluid (crystalloids, 
colloids, and albumin) are highly controversial When 
the mean arterial pressure is less than 60 mmHg, vol- 
ume resuscitation is the initial treatment of choice, to 
avoid limiting coronary and cerebral artery autoregu- 
lation and to prevent inadequate tissue perfusion, Hu- 
ids should be infused rapidly to maximize ventricular 
performance. In general, this can be obtained at a pul- 
monary capillary wedge pressure of 1 2 to 1 5 mm Hg. 
Patients with higher wedge pressures carry a substan- 
tial risk of developing pulmonary edema. If, in spite of 
volume resuscitation, the mean arterial pressure 
remains below 60 mmHg when the pulmonary capil- 
lary wedge pressure is above 15 mmHg, inotropic 
agents used singly or in combination may offset the 
myocardial dysfunction and augment cardiac output. 
No universal agreement exists as to how these agents 
should be utilized, in view of their different effects on 
cardiac stimulation, vasoconstriction and vasodilata- 
tion (Table 1). Dopamine is commonly employed in 
this setting because of the p-adrenergic effects enhanc- 
ing cardiac performance and the a-adrenergic effects 
supporting arterial blood pressure. The potent vaso- 
constrictor effects of norepinephrine are advantageous 
in septic shock patients who are unresponsive to high 
doses of dopamine. Dobutamine may be used alone 
or in combination with other catecholamines to 
improve cardiac performance. 

Eradication of micro-organisms requires early 
antibiotic administration. This is initially empirical, 
using broad-spectrum antibiotics against Gram-pos- 
itive and Gram-negative bacteria and sometimes 
against fungi. Cultures of body fluids are helpful in 
the identification of the micro-organisms involved, 
but radiological investigations may be required to 
discover the site of infection. Specific foci of infection 
should be drained and necrotic tissue surgically 
removed when appropriate. 

Septic shock may, however, present with no iden- 
tifiable source of infection and with negative blood 
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inotropic agent 


Cardiac 
stimulation 


Vaso- 
constriction 


Vaso- 
dilatation 
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Dopamine 5-10 pg/kg/min 
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Dopamine 10-20 pg/kg/min 


+++ 


+++ 


+ 


Norepinephrine 0.02-0.2 pg/kg/min 
+ Dopamine 2-4 pg/kg/min 
i 


+++ 
++ 


++++ 
+ 


0 
++ 


Norepinephrine 0.02-0.2 pg/kg/min 
+ Dopamine 2-4 pg/kg/min 
+ Dobutamine 5-10 pg/kg/min 


++ 

++++ 


+ 

+ 


+ + 

4 + 



Study. 



cultures especially in neutropenic patients. 

Over the last 10 to 15 years, new antib.ot.es and 
increasingly sophisticated critical care have^ ha MJ* 
impact on the mortality rate of sept,c shock, wh.ch 
remains extremely high as demonstrated by the results 
ofThe Italian SEPSIS Study." The aim of this prospec- 
tive, multicenter investigation was to evaluate the clin- 
ical outcome of consecutive patients admitted to 
in nsL care units on the basis of the diagnosfc en- 
ter* of the ACCP/SCCM Consensus Conference.' The 
stul was carried out in 99 ICUs in Italy from Apr, 
1993 to March 1994. In a preliminary analyse i of 
1100 patients, severe sepsis and septic shock had 
mortality rates of 52.2% and 81 .8% respectively (Table 
2) Asaresult. new therapeutic approaches have been 
tested, aimed at neutralizing microbia^ox^s and 
modulating host mediators (Table 3). Some of the 
agents have shown some efficacy in large mu.t.cente 
cHnical trials (anti-endotoxin monoclonal ant.bod 
S others only in animal models (monoclonal 
anti-TNF antibodies,**). To date however, no ther- 
apy of sepsis aimed at reversing the effects of bacter- 
ial toxins or of harmful endogenous mediators has 
gained widespread clinical acceptance. 
Antithrombin concentrates in sepsis and septic 
shock 

In view of the strong association of severe sepsis 
with a state of activation of blood coagulation and 
^potential ro.eof capillary thrombosis in the deveh 
opment of MODS, anticoagulant agents have been 
tested in the setting of septic shock. However ^neither 
administration of heparin- rior of active sj^blc^d 
factor Xa* have proven effective in pr^ent.nc ^deaths 
due to septic shock in animal modets^Even the 
administration of anti-tissue factor ? antibodies 
not prevent severe manifestations of septic shock m 
animal models, although resulting in effective block- 
ade of the clotting system » In contrast .nfus.on of 
natural inhibitors of blood coagulation (^hrom- 
bin, protein C, tissue factor pathway inhibitor), all 



ACCP/SCCM diagnosis on adrnissm: 



Nil SIRS Sepsis Severe Septic 
sepsis shock 



Patients 



n. 
(%) 



Mortality rate (%) 



421 573 50 23 33 
38.3 52.1 4.5 2.1 3.0 

24.0 26.5 36.0 52.2 81.8 



Table 3. Novel therapeutic approaches in septic shock. 



Neutralization of microbial toxins 



Modulation of host mediators 



Ami-endotoxin antibodies: 
F\)»ydonal antibcxlies (F.coft J5 
antiseum. antibodies to Lipid A) 
Monoclonal antibodies (HA-1A E5) 
Lipid A analogs (lipid X. 
mcirophosphoryllipidA) 

Cationic polypeptide antibiotics 



Anti-TNF antibodies (TNF MoAb) 
lmerieukin-1 receptor antagonists 
AnthCSa antibodies 
Eicosanoid inhibitors 
Antioxidants 



Crjrticosteroids 
PAF antagonists 



(antithrombm. protein C) 



resulted in a significant survival advantage in animals 
receiving lethal doses of £ cotf. 2 * 29 

Because of their commercial avaHab.l.ty. ant,- 
thrombin concentrates have been used in a sign.h- 
cant number of critically ill patients. Anbthrombm 
(AT) a glycoprotein synthesized by the liver and the 
kidney, is a main physiologic inhibitor of serine .pro- 
teases generated during blood coaguiat.on (Hla 
FIXa FXa. FXIa, FXIIa).* 3 The rate of neutralization of 
the above-mentioned proteases is increased by J 
orders of magnitude in the presence of hepanr . and 
heparin-sulphate. The concentration of AT in plasma 
is decreased in conditions associated with d.ffuse 
intravascular fibrin formation, particularly ,n sepsis 
and shock.""* The decreased plasma ^"cemration 
of AT may be an indication of the role of DIFF in the 
pathogenesis of multi-organ failure; it is « .poor prog- 
nostic factor and correlates with survival^ Two ran- 
domized studies addressed the use of AT concentrate 
supplementation in the treatment of severe sepsis and 

shock, but they did not include a placebo-cont ol 
group. Blauhut eta/, randomized 51 
shock of different etiology ™ u ™ 
coma) to receive AT, heparin or AT + hepar.a The 
Le to normalization of the platelet count and of the 
fibrinogen concentration was shorter .n pat.ents 
receiving AT, but no difference in surv.val was 
obs^ ved. In a subsequent study, including only 
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patients with traumatic shock. Vinazzer reported a 
significant reduction in the mortality of patients treat- 
ed with AT concentrate* However, in an ItaHar .study 
of patients with an established diagnosis of DIFF. the 
administration of AT concentrates did not result ,n 
any significant survival advantage." These results are 
difficult to interpret. In critically ill patients, the eval- 
uation of the efficacy of therapeutic agents requires a 
double-blind design, to avoid the bias of the attend- 
ing clinician who is confronted with patients with a 
potentially fatal outcome." Fourrier et al. published 
the first randomized double blind, placebo-controlled 
study in septic shock. Patients treated with AT tend- 
ed to have a survival advantage, but the difference 
from the placebo group did not reach conventional 
statistical significance.' 3 Similar results were obta.ned 
byLamyetaf 4 (Table4). 

We planned a double blind study to evaluate the 
effect of AT administration on survival of a selected 
group of patients requiring hemodynamic and/or 
respiratory support because of severe sepsis and/or 
post-operative complications." A major assumption 
was that the observation of decreased AT levels 
- unrelated to evidence of impaired liver synthesis of 
the protein - may reflect uncontrolled activation of 
the clotting system in critically ill patients, with a 
potentially unfavorable role in their prognosis. In line 
with this hypothesis, we tested the possibility that the 
maintenance of normal AT levels by infusion of A I 
concentrate could have a beneficial effect on survival 
of critically ill patients irrespective of the causes lead- 
ing to the requirement for hemodynamic and/or res- 
piratory support. 

The study was randomized and double blind, with 
the inclusion of a placebo control arm. Identification 
of the infused material by the attending physicians was 
prevented by the use of identical black bottles, syringes 
and infusion-sets. Patients were included in the study 
if they were 1 8 to 75 years old, were admitted to the 
intensive care unit (ICU) because of sepsis and/or 
post-operative complications requiring respiratory 
and/or hemodynamic support and had plasma A I 



Table 4. Controlled studies of antithrombm replacement 
therapy in septic shock and critically ill patients. 

Narf c J^'*)" 3 ^ £* 9 ^ 

patients Standard Al «a0o ui. 
treatment replacement 



BlauhutetaU985* 
GISACID.1990 41 
Hatpere(a/..1991< s 
Albert et al, 1992* 
Fourrier etal..1993«* 
UmyetaU996«* 



51 
41 

50 
33 
32 
42 



12% 
23% 
32% 
31% 
50% 
41% 



15% 
29% 
32% 
25% 
28% 
25% 



1.29 0.18-42.9 
1.33 0.24-co 
1.00 026-3.85 
0.73 0.11-4.40 
0.40 0.06-2.19 
0.48 0.10-2.16 



'Double blind studies. 



activity < 70% of normal. Septic shock was defined as 
sepsis-related hypotension requiring vasoactive drugs 
for more than 24 hours, persisting despite adequate 
fluid resuscitation, along with the presence of hypop- 
erfusion abnormalities or organ failure. The respiratory 
support consisted of assisted or controlled ventilation 
for more than 24 hours. The hemodynamic support 
consisted of the administration of inotropic (dopa- 
mine or dobutamine, >5 Ug/kg/min) and/or vasoac- 
tive amines (epinephrine or norepinephrine). 

Patients were excluded if they had suffered multiple 
trauma had liver cirrhosis or acute liver failure, can- 
cer in terminal phase, immunodeficiency, or leukemia, 
if they were pregnant, or were being submitted to 
heparin therapy for hemodialysis, hemoflltrat.on or 
other indications. Patients receiving heparin prophy- 
laxis were not excluded. 

The AT concentrate and the placebo (albumin solu- 
tion 50 g/L) were supplied by the manufacturer 
(Immuno) in identical black bottles containing either 
2 000 U of AT or 2 g of albumin in lyophilized form. 
A fixed dose of 4.000 units of AT or 4 g of albumin 
were injected as a bolus in 30 min. followed by 1 bot- 
tle every 1 2 hours for 5 days by a pump-driven syringe. 
There was no limitation to standard medical care in 
each ICU but for the infusion of fresh frozen plasma, 
indicated for patients with active bleeding and/or with 
PT ratios > 2 0, or of platelet concentrates, which were 
administered at the dosage of 1 unit/10 kg body 
weight if the platelet count was < 50x10 . /L. 

The simplified acute physiologic score (SAPb) was 
recorded in each patient at admission; a modified 
multi-organ failure (MOF) score,*" 9 was recorded at 
admission and daily thereafter for 7 days. Baseline 
AT determinations for the enrolment of patients were 
carried out locally in each hospital. Thereafter, no 
local AT determinations were permitted. A I data 
reported were obtained after centralized measure- 
ment against an established calibrator (Immuno)^ 

The main end-point of the study was survival at 30 
days The sample size was calculated to detect aSU/o 
reduction of the expected mortality in the placebo 
qroup (60%) with an a error of 0.05 and a P error of 
0 10. This mortality figure was anticipated based on 
the results of a previous study validating the bAPb 
score in consecutive patients referred to ICUs. No 
separate randomization blocks were applied for 
patients with or without septic shock. 

One hundred and twenty consecutive patients were 
enrolled (60 in each treatment arm) from January 
1991 to November 1994 in three ICUs: 92 patients 
because of post-operative complications, 1 2 patients 
because of bronchopneumonia with septic shock and 
16 patients with a miscellany of disorders. One hun- 
dred patients had sepsis and 56 had septic shock at 
admission. The distribution of patients in the two 
arms was well balanced except for the number of 
patients with septic shock (33 in the AT arm versus 23 
in the placebo arm, p = 0.08) and for the baseline 
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MOF score (AT arm: 5.6±2.5; placebo arm A L8±2.3 
o - 0 08) As a result, more patients in the AT group 
required hemodynamic support (53 in the AT arm ver- 
sus 42 in the placebo arm. p = 0.04). Forty-n.ne 
patients in the AT group and 51 patients in the place- 
bo group had sepsis. The infectious agents were iden- 
tified in 93 patients by blood, urine and bron- 
cnoaspirate cultures and were similarly distributed ,n 
Z two treatment arms (46 Granvposit.ve: S.^reus, 
S. Epidermidis: 44 Gram-negative, P. ^J* 
AcLbacter, Enterobacter. K. Pneumon.se. E.CoU. 34 fun- 
ai- C Albicans. Aspergillus: cytomegalovirus 1) . In patients 
with septic shock, hemodynamic parameters at entry 
were similarly abnormal in the two treatment arms. 

Some degree of dyshomogeneity between the base- 
line characteristics of patients enrolled in the three 
centers participating in the study was observed with 
statistically significant differences affect.ng Wb 
fp=?003 and AT .evels (p=0.004). and probably 
resulted from poor standardization of AT measure- 
ments between the 3 laboratories. 

Four patients received therapy for less than 24 
hours: 1 patient, in the placebo group, was trans- 
ferred to an another hospital after the bolus infusion 
and 3 patients (2 in the ATIII group and 1 m the 
placebo group), included in the intention to treat 
analysis, died on the day of enrolment. The mean 
hme interval from admission to the ICUs and enrol- 
^ "nto the study (5.0*6.5 days) was not .different 
for patients allocated to AT or placebo. S^nifican 
bleeding, requiring transfusion of red blood ceM 
packs and platelet concentrates occurred in b 
patients in the placebo group and 5 patients in he 
AT qroup. No differences were observed between the 
treatment arms with respect to transfusion require- 
ments with fresh frozen plasma, platelet and red 
blood cell packs. No side effects possibly related to 
AT treatment were observed 

Changes in plasma AT concentrations were not 
observed either in patients receiving placebo °nn 
patients receiving AT after the initial rise .observed fol- 
lowing the first bolus injection (range 9°-l01%). 

Survival curves were calculated for the 119 ( nten 
tion to treat) and the 1 16 patients after the exclus.on 
o°the early deaths. By Kaplan-Meier analysts survival 
was not different in the two arms^At day 30. 30 
^tients in the AT arm (50%) and 27 patientt in the 
placebo arm (46%) were alive. Because of the unbal 
anced randomization for baseline variables potently 
affecting survival, we analyzed, by the Kaplan-Meie 
approach, the influence on survival of the requirement 
for hemodynamic support, the presence of septic 
shock and the MOF score at entry. The presence of 
septic shock (p<0.0001) and the requirement for 
hemodynamic support (p<0.0001) were nega ,ve* 
associated with survival; 30-day mortal.ty was 75/i in 
padents with septic shock and 32% in patients w.th- 
out shock. In addition, among patients with an unfa- 
vorable outcome. 75% of patients with septic shock 



died by day 5, whereas the same percentage of deaths 
was recorded by day 22 in patients without sept.c 

Sh Tte significant influence on mortality rates of vari- 
ables imperfectly balanced by the randomization 
process, led us to analyze the net effect of treatment 
on 30-day mortality after adjusting for the presence 
°f covariates in a Cox regression model." In addition 
to the presence of sepsis, septic shock and the 
requirement for hemodynamic support, the baseline 
MOF score and plasma AT activity, the time to treat- 
ment, age and center were included as covariates in 
the model (Table 5). At multivariate analysis, AT 
replacement had a net beneficial effect on 30-day 
survival (OR = 0.56, p<0.02). Of the >™"™"*™_ 
wzed the presence of septic shock (p=0.0002) and 
£ baseline MOF score (p-0.02) were negatively 
associated with survival, while plasma AT activity lev- 
els (p=0 003) were positively and independently asso- 
ciated with survival, which also differed according to 
the center (p=0.006). 

Because the two treatment arms were unbalanced 
for septic shock, the interaction of treatment with 
septic shock was tested in the model and resulted to 
be significantly associated with survival (p<0.0001). 
After stratification of patients for the presence or 
absence of septic shock, a net effect of AT treatment 
on mortality was observed only in the septic shock 
qroup (OR = 0.43. Table 5). In patients with sept.c 
shock, a significant effect of AT treatment on surviva, 
was also shown by Kaplan-Meier analysis (p = 0.04) . 
Septic shock patients receiving treatment had a 34% 
(95% CI: 19%-49%) probability of being a ive at day 
30 with a corresponding probability of 13% i9o7o 
CI '0%-26%) for septic shock patients receiving place- 
bo and a resulting 30% reduction in 30-day mortali_ 
tv The reduction in mortality produced by A I 
replacement was even more apparent when excluding 
early deaths from the analysis (p=UU lb). 



Table 5. Variables independently affec«nc |«Mj< 
cally ill patients by Cox hazard regress.on analys.s (re!. 

nic). 



Variables selected 



All patients 

Baseline AT % activity 

Centec 
Septic shock 
Treatment 

Patients with septic shock 
Baseline AT % activity 
Center 
Treatment 



Odds Ratio 


95% CI 


0.97* 


0.95-0.99 


1.61 


1.15-2.24 


3.97 


1.77-6.25 


0.56 


0.31-0.91 


0.97* 


0.95-0.99 


1.53 


0.99-2.36 


0.43 


0.23-0.83 



siontolCUitntil enrolment in the study, sepsts. sephc shock, age. 
•for unitary increase in % antithrombin activity. 



Anti thrombin replacement and sepsis 



459 



Contributions and Acknowledgments 

DG and ADA wrote the manuscript; FB, GF, AH ana lk 
participated in the design of the study which is the major issue 
ofthe present review and they are listed in alphabetical order 
All the authors read and approved the final vers.on of th,s 
manuscript. 

Disclosures 

Conflict of interest: none. 

Redundant publications: no substantial overlapping with 
previous papers. 

Manuscript processing 

ManuscriptreceivedNovemberS. 1998; accepted January 

26, 1999. 



References 

1 Parrillo JE. Parker MM, Natanson C. et al. Septic 
' shock- advances in the understanding of Pathogene- 
sis cardiovascular dysfunction, and therapy. Ann 
Intern Med 1990; 113:227-42. 

2 Manship L. McMillin RD. Brown JJ. The influence of 
2 ' ^psis and multisystem and organ 

tyinthe surgical intensive care un.t. Am burg lyei, 

3 AmericanCollege of Chest Physicians/Society of Crit- 
3 ' fcXreMedicTneConsensusConference. Definitions 

for sepsis and organ failure and 9^^^^ 
of innovative therapies in seps.s. Chest iaa^. 'U' 
1fi44 55 

A Tuney NL. Bailey GL. Morgan AP. et al. Sequential sys- 
4 - ^failure after rupture of abdom.na. aortic 
aneurysms. Ann Surg 1973, 178.117 il. 

5. Baue AE. Multiple, progress ve or sequent* . systems 
failure: a^syndrome of the 1970s. Arch Surg 19/b, 

6. FaheJ IMT J Tracey KJ. Cytokines, tumor g"™*** 
tor and other mediators of sepsis. In Car son I KW. 
Geheb MA, eds. Principles & Practice of Medical Inten- 
se Care Philadelphia, WB Saunders Company. 

7. S^RE^LrGL.Pa^erMM.N^nC ^. 
ril.o JE. The coronary circulation -n human septic 
shock. Circulation 1986: 73:637-44. 

R Dhainaut IF. Huyghebaert MF. Monsal.ier J1. et al. 

8 ' Coronar/ hemodynamics and myocardial , rnettbohsm 
of lactase, free fatty acids glucose. ^et°"e s -n 
patients with septic shock. Circulation 1 987. 7b.ooa 

9 Marder VJ, Feinstein Dl. Francis CW, Colman RW. 
Consumptive thrombohemorrhagic disorders. In. Col- 
man RWHirsh J, Marder VJ, Sa.zman EW. eds. Hemo- 
Ttasis and thrombosis. Basic principles and clinical 
practice. Philadelphia. JBLippmcott Company, 1994. 

10 Dixo°n AC 3 parrillo JE. Cardiovascular dysfunction in 
10 - Stic shock. In: Carlson RW Geheb MA. eds. Princi- 

p£s and Practice of Medical Intensive Care. Philadel- 
phia: WB Saunders Co.; 1993. p. 323-40^ 
1 1 . Lefer AM. Martin J. Origin of the ^'^ft^ 
sant factor in shock. Am J Physiol 1970.^18. 

12 Par ri to JE. Burch C. Shelhamer JH. Parker MM 
12 ' Natanson C. Schuette W. A circulating myocardia 

depressant substance in humans with septic shock. J 
Clin Invest 1985; 76:1539-53. 

1 3 Hansen F la schen JH. Adult respiratory distress syn- 
drome In: Carlson RW. Geheb MA, eds. Pnncp.es 



and Practice of Medical Intensive Care. Ph.ladelph.a. 
WB Saunders Co.; 1993. p: 816-26. 

1 4 Kaplan RL, Sahn SA. Petty TL. Incidence and outeome 
of the respiratory distress syndrome .n gram-negative 
sepsis. Arch Intern Med 1 979; 1 39:867-9. 

1 5 Sibbald WJ. Darrah WC. Multiple organ system failure 
in sepsis In: Carlson RW, Geheb MA, eds. Principles 
Lnd Practice of Medical Intensive Care. Philadelphia: 
WB Saunders Co.; 1993. p. 340-52. 

16 Solomon MA, Natanson C. Treatment of seps.s and 
septic shock. In: Carlson RW Geheb MA, eds P ,nc - 
pies and Practice of Medical '"tensive Care. Philadel- 
phia: WB Saunders Co.; 1993_ p. 365_80. 

1 7 Salvo I. DeCian W. Musicco M. et al. The ItaUan SE.P- 
' SIS study: preliminary results on incidence and evolu- 
tion of SIRS, sepsis, severe sepsis and septic shock, int 
Care Med 1995; 21 :S244-9. 

18 Ser FJ, McCutchan JA. Fierer J. et al. Treatment of 
gram-negative bacteremia and shock with human 
antrum to a mutant Escherichia Coli. N Eng. J Med 

19. Ser\°) 7 Fishe 5 r" CJ. Sprung CL, et al. Treatment of 
Gram-negative bacteremia and septic shock w.th HA- 
1 A human monoclonal antibody against en dotoxirv a 
randomized, double blind placebo-controlled trial. 
NEnql J Med 1991; 324:429-36. 

20. Beutler B, Milsark IW, Cerami AC. Po - 
tior, against cachectin/tumor necrosis fac tor protects 
mice from lethal effect of endotoxin. Scencc 1985, 

21 TraSVong Y, Hesse DG, et al. Anti-cachectin/TNF 
21 - mon^Cona. antibodies prevent septic shock during 

lethal bacteremia. Nature 1987, 330.6624. 

22 Hinshaw LB, Tekamp-Olson P. Chang ACK. et al. bur 

24. Taylor FB Jr. Chang ACK. Peer GT. et al. DEGR ta 
tor Xa blocks disseminated intravascular coagulation 
initiated by Escherichia Ca/< without Preventing shock 
or oraan damage. Blood 1991; 78.364-8. 

25 Wan 9 TA Ra™ VM. Rapaport SI. Disseminated intra- 
vascu'ar coagu.ation in rabbits induced by adm.nis- 
uation of endotoxin or tissue factor: effect of 
sue factor antibodies and meas t urem ^ t rl ° 1 f 9 g 0 3S 7 n 5 a 
extrinsic pathway inhibitor activity. Blood 19UU. /a. 

1481 9 

26 Triantaphyllopoulos DC. Effects of human antithrom- 

1 o n III on morality and blood coagulat.on induced n 
rabbits by endotoxin. Thromb Haemost 1984. 51. 

27 Sr FB Jr. Emerson TE Jr. Jordan R. Chang A. Blick 

2 Ke" Antithrombin III prevents the lethal effects of 
Escherichia Coli infusion in baboons. Ore Shock 1988. 

28 TayforFBM, Chang A. Esmon CT. D'Ange.o A. Vigano 
CTAngelo S. Buck KE. Protein C prevents the coagulo^ 
path" and lethal effects of /• f" s,on the 
baboon. J Clin Invest 1987; 79:918-25 

?q Creasev AA Chang AC, Feigen L. Wun TC. Taylor fB 
29 - K Wnshaw LB.'Tissue factor pathway inhjbrtor 
reduces mortality from Escfier/cfria Col, septic shock. 
Clin Invest 1993; 91 :2850-6. 

30 Buner HR. Ten Cate JW. Acquired ant.thromb.n II 
de ic^ncy laboratory diagnosis, incidence, clinical 
fmpHcations and treatment with antithromb.n III con- 
cTn ate. Am J Med 1989: 87 suppl 3B):44s-8s 

31 Blauhut B. Necek S, Vinazzer H. Bergmann H Subst,- 
" union therapy with an antithrombin III concentrate 



460 



D. Ciudici et al. 



in shock and DIC. Thromb Res 1982; 27:271-8. 
32 Hes^Mk JF Ma.m J. Dah.back B. Blomback M. Pro- 
S protein S and C4b-binding protein ,n severe 
infection and septic shock. Thromb Haemost 1991, 

13 Four-F, Chopin C, Goudemand J. et al. Septic 
33 ' shoTmuiti organ fai.ure and disseminated intravas- 
cular coagulation. Compared pattern of ATM . pro 
tein C. protein S deficiencies. Chest 1992. 101 .Bib 

34 Biauhut B. Kramar H. Vinazzer H. Bergmann H. Sub- 
34 ' station of antithrombin III in shock and DIC. a ran- 
domized study. Thromb Res 1984. 39-81-9^ 

35 Wilson RF. Mammen EF. Robson MC. Heggers JP. 
Soullier G. DePoli PA. Antithrombin. preka.likrein and 
fibronectin levels in surgical patients. Arch Surg iy»b, 

36 Sand 6 set 5 pM,' Roise O. Aasen AO. Abildgaard U. Extrin- 
sic pathway inhibitor in post operative/ P°«^uma^ 
septicemia: increased levels in fatal cases. Haemosta 

37 HeS JF^BtomtLk M. Brodin B. Mailer R. Coag- 

37 SI fi^incysis and ^"Z^?^ 
relation to outcome. CritCareMed 1989. 17./^ is 

38 Lammle B. Tran TM. Ritz R. Duckert F Plasma pre ? 
kXkrein factor XII, ATIII, C1-inhib.tor and «2 
m" obulin in criticai.y ill patients witlv suspected 
Geminated inttavascular coagulation (DIC). Am J 
Clin Pathol 1984; 82:396-404. 

39 Maki M Terao T Ikenoue T, et al. Clinteal evaluation 
39 ' of anmhrombin concentrate (Bl 6.013) for dissemi- 
nated intravascular coagulation in obstetr.es. Gynecol 
Obstet Invest 1987; 23:230-40. 

40. Vinazzer H. Therapeutic use of antithrombin III m 
shock and disseminated intravascular coagulat-on. 
Semin Thromb Hemost 1989: 15.347-52_ 

41 pX« G. Legnani C. Ludovici S. et al. Stud.o pre- 
HmLreper.a 9 valutazionedifattibilit 8 
clinico policentrico per la valutaz.one dell eff.cac a 
terapeutica di un concentrato di antitromb.na III 
OmTuno) ne.la sindrome da coagu.azione intrava- 
scolare. Haematologica 1 990; 75:21-8. 

42. Lechner K. Kyrle PA. Antithrombin III coventrates 
Are they clinically useful? Thromb Haemost 1995. IS 

43. Fourrier F. Chopin C, Huart JJ. Runge I Caron C 
Goudemand J. Double-blind, placebo-controlled tn 
al of antithrombin III concentrates in sepbc shock with 
disseminated intravascular coagulation. Chest lyaJ, 



104:882-8. ir 

44 Lamy M, Eisele B, KeineckeH-O. Delvos U. Th U s LG. 
Antithrombin III in patients with severe seps.s. A ran- 
domised, placebo-controlled trial of antithrombin 111 
concentrates in septic shock with disseminated 
intravascular coagulation [abstract]^ 9»> European 
Congress on Intensive Care Medicine. Glasgow, laab. 

p. 385-90. „ . .„ _ 

45 Harper PL. Williamson L, Park G. Smith JK. Carrell 
RW A pilot study of antithrombin replacement in 
intensive care management: the effects on mortality 
coagulation and renal function. Transfusion Med 
1991;1:121-8. 

46 Albert J, Blomqvist H, Gardlund B, Jakobsson J. Svens- 
' son J Blomback M. Effect of antithrombin concen- 
trate on haemostatic variables in critically ill patients. 
Acta Anaesthesiol Scand 1992; 36:745-52^ 
Baudo F, Caimi TM. de Cataldo F, et al. Antithrom- 
bin III (AT III) replacement therapy in patients with 
sepsis and/or postsurgical complications: a controlled 
double blind, randomized multicenter study. Int Care 
Med 1998; 24:336-42. 

La Gall JR. Loirat P. Alperovith A. et al. A simplified 
acute physiology score for ICU patients. Crit Care Med 
1984; 12:975-7. 

49. GorisRJA. BoekhorstTP, Nuytinck )KS Gimbrere JSF. 
Multiple organ failure. Arch Surg 1985, 120. 11 us 

50. Christensen E. Multivariate survival analysis using 
Cox's regression model. Hepatology 1987; 7:lJ4b- 
58 

Mesters RM, Mannucci PM, Coppola R. Keller T, 
Ostermann H. Kienast J. Factor Vila and antithromb.n 
HI activity during severe sepsis and septic shock in neu- 
tropenic patients. Blood 1996; 88:881-6. 
Smtih OP, White B. Vaughan D. et al. Use of protein- 
C concentrate, heparin, and haemodiafiltration .n 
meningococcus-induced purpura fulminans. Lancet 
1997;350:1590-3. 

53 Fnnvandraat K. Derkx B, Peters M, et al. Coagulat.on 
* activation and tissue necrosis in meningococcal sep- 
tic shock: severely reduced proteir , C Revels predict a 
high mortality. Thromb Haemost 1995; 73:15-20. 

54 Esmon CT, Schwarz HP. An update on clinical and 
' basic aspects of the protein C anticoagulant pathway. 

Trends Cardiovasc Med 1995; 5:141-8. 



47 



48. 



51. 



52. 
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Because of the role of thrombin and platelets in myocardial infarction and other pathological process- 
es identifying and blocking the receptors by which thrombin activates platelets has been an important 
goal. Three protease-activated receptors (PARs) for thrombin - PARI, PAR3, and PAR4 - are now 
known. PARI functions in human platelets, and the recent observation that a PAR4-activating peptide 
activates human platelets suggests that PAR4 also acts in these cells. Whether PARI and PAR4 account 
for activation of human platelets by thrombin, or whether PAR3 or still other receptors contribute, is 
unknown. We have examined the roles of PARI, PAR3, and PAR4 in platelets. PARI and PAR4 mRNA 
and protein were detected in human platelets. Activation of either receptor was sufficient to trigger 
platelet secretion and aggregation. Inhibition of PARI alone by antagonist, blocking antibody, or desen- 
sitization blocked platelet activation by 1 nM thrombin but only modestly attenuated platelet activa- 
tion by 30 nM thrombin. Inhibition of PAR4 alone using a blocking antibody had little effect at either 
thrombin concentration. Strikingly, simultaneous inhibition of both PARI and PAR4 virtually ablated 
platelet secretion and aggregation, even at 30 nM thrombin. These observations suggest that PARI and 
PAR4 account for most, if not all, thrombin signaling in platelets and that antagonists that block these 

receptors might be useful antithrombotic agents. 

r /. Clin. Invest. 103:879-887 (1999). 



Introduction 

Platelet activation is critical for normal hemostasis, and 
platelet-dependent arterial thrombosis underlies most 
myocardial infarctions. Thrombin is the most potent 
activator of platelets (1, 2). Characterization of the recep- 
tors that mediate thrombin's actions on platelets is 
therefore necessary for understanding hemostasis and 
thrombosis. Moreover, such receptors are potential tar- 
gets for novel antiplatelet therapies. 

Thrombin signaling is mediated at least in part by a 
family of G protein-coupled protease-activated receptors 
(PARs), for which PARI is the prototype (3, 4). PARI is 
activated when thrombin cleaves its NH 2 -terminal 
exodomain to unmask a new receptor NH 2 - terminus (3). 
This new NH 2 -terminus then serves as a tethered peptide 
ligand, binding intramolecularly to the body of the 
receptor to effect transmembrane signaling (3, 5, 6). The 
synthetic peptide SFLLRN, which mimics the first six 
amino acids of the new NH 2 -terminus unmasked by 
receptor cleavage, functions as a PARI agonist and acti- 
vates the receptor independent of proteolysis (3, 7, 8). 
Such peptides have been used as pharmacological probes 
of PAR function in various cell types. 

Our understanding of the role of PARs in platelet acti- 
vation is evolving rapidly. PARI mRNA and protein were 
detected in human platelets (3, 9-11), SFLLRN activat- 



ed human platelets (3, 7, 8), and PARl-blocking anti- 
bodies inhibited human platelet activation by low, but 
not high, concentrations of thrombin (9, 10). These data 
suggested a role for PARI in activation of human 
platelets by thrombin but left open the possibility that 
other receptors might contribute. 

Curiously, PARI appears to play no role in mouse 
platelets. PARI -activating peptides did not activate 
rodent platelets (12-14), and platelets from PAR1- 
deficient mice responded like wild-type platelets to 
thrombin (14). This observation prompted a search 
for additional thrombin receptors and led to the iden- 
tification of PAR3 (15). PAR3 is activated by thrombin 
and is expressed in mouse platelets. PAR3-blocking 
antibodies inhibited mouse platelet activation by low, 
but not high, concentrations of thrombin (16), and 
knockout of PAR3 abolished mouse platelet respons- 
es to low, but not high, concentrations of thrombin 
(17). These results established that PAR3 is necessary 
for normal thrombin signaling in mouse platelets but 
also pointed to the existence of another mouse 
platelet thrombin receptor. Such a receptor, PAR4, 
was recently identified (17, 18). PAR4 appears to func- 
tion in both mouse and human platelets (17). Thus, 
available data suggest a testable working model in 
which PAR3 and PAR4 mediate thrombin activation 
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of mouse platelets and PARI and PAR4 mediate acti- 
vation of human platelets. The role of PAR3, if any, in 
human platelets has not been determined. More 
broadly, the relative roles of PARI, PAR3, and PAR4, 
and whether still other receptors also contribute to 
platelet activation by thrombin, are unknown. 

To determine the roles of PARI, PAR3, and PAR4 in 
activation of human platelets by thrombin, we examined 
expression of receptor mRNA and protein in platelets 
and probed receptor function with specific peptide ago- 
nists. We also examined the effect of receptor desensiti- 
zation, receptor-blocking antibodies, and a PARI antag- 
onist, used alone and in combination, on platelet 
activation. Our results suggest that PARI and PAR4 
together account for most, if not all, thrombin signaling 
in human platelets. PAR3, while important for thrombin 
signaling in mouse platelets, appears to have little or no 
role in human platelets. These results are potentially 
important for the development of antiplatelet therapies. 

Methods 

Measurement of PAR mRNA levels by competitive reverse transcription- 
PCR Dami cells (19) were grown in suspension in RPMI with 
10% FBS. Platelet preparations (17) contained <0.1% leukocytes 
as assessed by light microscopic analysis. A discontinuous Per- 



coll gradient was used to separate monocytes and lymphocytes 
from neutrophils, according to the manufacturer's instructions 
(Pharmacia Biotech Inc., Piscataway, New Jersey, USA). The 
monocyte/lymphocyte preparations contained <0.1% neu- 
trophils, and the neutrophil preparations contained <0.1% 
monocytes or lymphocytes. Total RNA was prepared from all 
cells using Trizol Reagent (GIBCO BRL, Grand Island, New 
York, USA), treated with DNase (Boehringer Mannheim, Indi- 
anapolis, Indiana, USA), and quantified by OD 260. 

Competitor RNA templates for each receptor were created by 
mutating the respective cDNA to ablate an endogenous restnc- 
tion endonuclease site (see below), and competitor RNAs were 
generated by in vitro transcription. Reverse transcription (RT) 
reactions were performed using 200 ng of total cellular RNA 
mixed with varying amounts of competitor RNA in a 10-ul 
reaction volume using a commercial kit (GIBCO BRL) and 
receptor specific primers (see below). RT product (2 ul) was 
amplified by PCR in a 50-ul volume containing a final concen- 
tration of 2 UM primers (see below) and 5 U Taq polymerase 
(GIBCO BRL). Reaction conditions were 94° C for4 mm, 72°C 
for 1 min with addition of Taq, then 94° C for 45 s, 55°C for 1 
min, 72 °C for 1 min for 30-36 cycles (see below), and then 
72 °C for 8 min. Cycle numbers and concentration ranges for 
competitor RNAs were chosen for each sample in preliminary 
experiments. The number of cycles chosen for measurement of 
PARI, PAR2, PAR3, and PAR4 mRNA levels, respectively, in 
RNA from the various sources follows. 
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Platelets: 31, 36, 36, 36; neutrophils: 36, 27, 31, 36; mono- 
cytes/lymphocytes: 31, 31, 33, 36; and Dami cells: 30, 32, 32, 33. 

Primers used for RT and PCR of each receptor and the restriction 
endonuclease used to digest each PCR product. Nucleotide number- 
ing is such that 1 equals the A of the start ATG. 

PARI GenBank accession no. M62424: Primer for RT: TAG 
ACG TAC CTC TGG CAC TC (1 1 48-1 129). Sense-strand primer 
for PCR CAG TTT GGG TCT GAA TTG TGT CG. Antisense 
primer for PCR TGC ACG AGC TTA TGC TGC TGA C. Result- 
ing PCR product: 505-1 09 6.Mutated site: Agel at position 596. 

PAR2, GenBank accession no. U34038: Primer for RT: CTG 
CTC AGG CAA AAC ATC (699-682). Sense-strand primer for 
PCR TGG ATG AGT TTT CTG CAT CTG TCC. Antisense 
primer for PCR CGT GAT GTT CAG GGC AGG AAT G. Result- 
ing PCR product: 182-672. Mutated site: Sfil at position 342. 

PAR3 GenBank accession no. U92972: Primer for RT: TGA 
TGT CTG GCT GAA CAA G (727-709). Sense-strand primer for 
PCR* TCC CCT TTT CTG CCT TGG AAG. Antisense primer 
for PCR AAA CTG TTG CCC ACA CCA GTC CAC Resulting 
PCR product: 152-664. Mutated site: Ncol at position 25 1. 

PAR4 GenBank accession no. AF080214: Primer for RT: TGA 
GTA GCT GGG ATT ACA G (1519-1501). Sense-strand primer 
for PCR: AAC CTC TAT GGT GCC TAC GTG C. Antisense 
primer for PCR: CCA AGC CCA GCT AAT TTT TG. Resulting 
PCR product: 949-1490. Mutated site: BamHl at position 1005. 

After PCR amplification, 10 ul of reaction product was 
digested overnight with the appropriate restriction endonucle- 
ase and analyzed by 1.5% agarose gel electrophoresis. The prod- 
ucts of reactions that included only native mRNA were com- 
pletely cleaved by the appropriate restriction endonuclease, 
while the products of reactions that included only competitor 
RNA remained undigested (Fig. 1 and data not shown). By 
adding varying amounts of competitor RNA to total cellular 
RNA before RT-PCR and determining the competitor RNA 
concentration at which the intensity of the competitor RNA- 
derived product (uncieaved band) matched that of the endoge- 
nous mRNA-derived product (cleaved band), the quantity of 
each PAR mRNA in the original sample was estimated. 

Northern blot analysis. Poly(A) + RNA (2 Ug) derived from Dami 
cells was elect rophoresed, transferred to nitrocellulose mem- 
branes, and hybridized under high-stringency conditions. PARI 
mRNA was detected with a 400-bp Pstl/PvuU cDNA probe; PAR2 
mRNA was detected with a 260-bp Sfil/BstEU cDNA probe; PAR3 
mRNA was detected with a 6 10-bp Kpnl/Nsil cDNA probe; PAR4 
mRNA was detected using a 450-bp Sacl/Pstl cDNA. 

Generation and characterization of PAR polyclonal antibodies. The 
synthetic peptides GGDDSTPSILPAPRGYPGQVC (PAR4 amino 
adds 34-55), AKPTLPIKTFRGAPPNSFEEFPFSALEGC (PAR3 
amino acids 31-58 plus carboxyl glycine-cysteine) and NATLD- 
PRSFLLRNPNDKYEPFWEDEEGC (PARI amino acids 35-61 
plus carboxyl glycine-cysteine) were conjugated to keyhole limpet 
hemocyanin and used to generate polyclonal antisera in rabbits. 
IgG was purified by protein-A affinity chromatography to gen- 
erate the PAR4, PAR3, and PARI IgG preparations used in this 
study. Binding of these IgGs and PAR4 preimmune IgG to each 
receptor was tested on COS cells transiently expressing FLAG 
epitope-tagged receptors using an enzyme-linked immunosor- 
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bent assay (EL1SA) (16, 20). cDNA for an epitope-tagged human 
PAR4 analogous to FLAG epitope-tagged PARI was construct- 
ed as described previously (15, 20) such that the FLAG epitope 
was fused to amino acid 22 in PAR4 to yield the following 
sequence: ... DYKDDDDVE/TPSVYD ... (where the slash indi- 
cates the junction with PAR4 sequence). 

Flow cytometry. Washed platelets (17) and Dami cells were 
fixed with paraformaldehyde, incubated with PARI or PAR3 
IgG at 10 Hg/ml or PAR4 IgG at 100 Jig/ml, washed, incubated 
with FITC-conjugated goat anti-rabbit IgG, washed, and then 
analyzed in a FACSCalibur flow cytometer (Becton Dickinson 
Immunocytometry Systems, San Jose, California, USA). Some 
fixed platelet samples were exposed to 30 nM thrombin at 37 ° C 
before incubation with primary antibody. 

Functional studies in Xenopus oocytes. FLAG epitope-tagged 
PAR4 cDNA was subcloned into pFROG (3) to permit in vitro 
transcription of PAR4 cRNA. Signaling studies were performed 
inXenopus oocytes microinjected with 2.0 ng of PAR4 cRNA or 
25 ng of PARI cRNA per oocyte (3, 21). 

Platelet aggregation andsecretion. Aggregation and secretion were 
measured using washed human platelets (17). For desensitiza- 
tion studies, platelets resuspended from the first platelet pellet 
were incubated with SFLLRN (100 uM) or GYPGKF (500 uJvl) 
in the presence of prostaglandin Ei (PGEO at room temperature 
for 30 min without stirring then washed by centrifuganon (17). 
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For functional studies with PARI or PAR4 antibody, washed 
platelets were incubated with antibody or preimmune IgG for 
60 min before measurement of secretion and aggregation. PARI 
antagonist was added to stirring platelets 1-2 mm before the 
addition of thrombin or other agonists. 

Measurementcf receptor cleavage by tbrombm. Rat-1 fibroblast^ 
were stably transfected with FLAG ep.eope-tagged PARI and 
PAR4 expression vectors (22), and cleavage of surface receptors 
was followed as described previously (20). 

MeasurementofPAPJ and PAR4 signaling. A Pari''' mouse lung 
fibroblast cell line that ihowed no thrombin signaling (14, 23) 
was used to generate stable cell lines expressing FLAG epi- 
tope-taeged PARI and PAR4. Increases in cytoplasmic calcium 
in response to thrombin were measured using the calcium-sen- 
xsitive dye Futa-2 as described previously (14). 

£fcm»*OT of PAR mRNAs in platelets and other blood cells To 
validate an RT-PCR assay for PAR mRNAs, Dami cells a 
human cell line that expresses some megakaryocyte mark- 
ers (19) were analyzed. Competitive RT-PCR of Dami cell 
RNA (Fig. 1, a and b) revealed the presence of PARI, PAR3, 
and PAR4 mRNA; PAR2 mRNA was also detected but at 
only 1% the level of PARI mRNA. Northern analysis was 
positiveforPARl,PAR3,andPAR4butnotPAR2(Fig. lc) 
At the protein level, PARI, PAR3, and PAR4 were detected 
on the surface of Dami cells by flow cytometry (Fig. 2, and 
data not shown). Thus, results from RT-PCR were gener- 
ally concordant with Northern and protein analysis. 

Competitive RT-PCR of platelet RNA revealed PARI 
mRNA to be present at approximately 1 amol/200 ng total 
RNA Assuming mRNA is 1% of total platelet RNA and an 
average mRNA size of 2 kb, PARI mRNA represents I in 
3 000 platelet mRNAs. PAR4 mRNA was also detected at 
10%-30% of PARI mRNA levels. By contrast, PAR3 mRNA 
was undetectable. PAR3 competitor RNA added to 



platelet RNA was detected at 0.001 amol/200 ng total 
RNA suggesting that PAR3 mRNA was at least 1,000-fold 
less abundant than PARI mRNA in these samples. PAR2 
mRNA was not detected in platelet RNA from one indi- 
vidual (no. 2), and only 0.001 amol/200ng was detected in 
the other (no. 1). The latter measurement may be due to 
trace contamination of the platelet preparation by neu- 
trophils (see below), consistent with the observation that 
the specific PAR2 agonist peptide SLIGKV is unable to 
activate human platelets (data not shown). 

The pattern of PAR mRNA expression in neutrophils 
and mononuclear cells was distinct from that seen in 
platelets, suggesting that contamination of platelet 
preparations by leukocytes did not significantly influ- 
ence the PAR expression pattern detected in platelets. In 
particular, while virtually absent from platelets, sub- 
stantial PAR2 mRNA was detected in both neutrophils 
and mononuclear cells. The relatively high PAR2 mRNA 
level in neutrophils is consistent with previous studies 
demonstrating neutrophil responses to PAR2-activating 
peptide (24). In contrast to platelets, PAR3 mRNA was 
consistently detected at low levels in mononuclear cells. 
PAR4 mRNA was also found in mononuclear cell prepa- 
rations but not in neutrophils. These results demon- 
strate the presence of mRNA encoding PARI and PAR4, 
but not PAR2 or PAR3, in human platelets. 

Expression of PAR proteins on the surface of human platelets. 
IgG was purified from rabbit antisera raised to peptides 
representing the NH 2 -terminal exodomains of PARI, 
PAR3 or PAR4. To assess ability to recognize native 
PARs 'and cross-reactivity, antibody binding to the sur- 
face of receptor-expressing COS cells was measured. 
Each IgG preparation bound to the surface of cells 
expressing the appropriate receptor without significant 
cross-reactivity (data not shown). 



Figure 3 

Effects of PARI- and PAR4-activating peptides, (o) Speci- 
ficity and potency. Peptide-triggered "Ca release was 
measured in Xenopus oocytes expressing human PARI and 
human PAR4 tagged at their NH 2 -termini with a FLAG 
epitope. Data are mean ± SEM (n = 3) and are expressed 
as fold increase over baseline for each receptor. Surface 
expression of PARI measured with anti-FLAG mono- 
clonal antibody was 1 .3 times that of PAR4. This experi- 
ment was replicated twice, (b-d) Activation of human 
platelets with the PARI -activating peptide SFLLRN and 
the PAR4-activating peptides GYPGKF and GYPGQV. (t) 
Platelets were exposed to either SFLLRN (10 pM) or 
GYPGKF (500 pM) or GYPGQV (1 mM) at time 0, and 
aggregation was measured as change in light transmis- 
sion (c) SFLLRN-desensitized platelets (see Methods) 
were exposed to either SFLLRN (500 pM) or GYPGKF 
(500 pM) at time 0, and aggregation was measured as 
change in light transmission, (d) GYPGKF-desensitized 
platelets (see Methods) were exposed to either SFLLRN 
(500 pM) or GYPGKF (500 pM) at time 0, and aggrega- 
tion was measured as change in light transmission. The 
experiments in b, c, and d were repeated three times. 
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inhibition of thrombin cleavage of receptor NH ^us by ^«-PAR1 
and anti-PAR4 antibodies. Rat-1 cells expressing PARI and MMte 
fn, the FLAG epitope at their extreme NH,-term,n. were fixed and then 
„ ubated withUl «gC (PI: 100 pg/ml), PAR4 IgG (JJ ImgM^o 
buffer alone for 60 min before exposure to e.ther 1 or 30 nM thrornbm 
for 10 min at37'C. Receptor cleavage was measured as 
sites for Ml monoclonal antibody to the FLAG ep.tope, wh.ch was NH 
terminal to the thrombin cleavage site in both receptors so , as to be lo« 
from the cells upon receptor cleavage. Data (mean ± SEM, » 3) are 

iment was repeated twice. 
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These IgG preparations were then used for flow cyto- 
metric analysis of human platelets (Fig. 2). Significant sur- 
face binding was detected with PARI IgG vs. P™une 
IgG (Fie 2a), consistent with previous studies (9, 1 1, X>, 
26). A similar increase in platelet surface binding was 
detected with PAR4 IgG vs. PAR4 preimmune IgG (Fig. 
2c). Preincubation of PAR4 IgG with the peptide ant.gen 
to which it was raised abolished this increase (Fig. 2d). 
Moreover, the epitope to which the PAR4 antiserum was 
raised spans PAR4's thrombin cleavage "te, and treatrnent 
of platelets with thrombin indeed abolished PAR4 IgG 
binding (Fig. 2d). These data strongly suggest that PAK1 
and PAR4 are expressed on the surface of human platelets. 

PAR3immuneIgG showed no specific binding to human 
platelets (Fig. 2b). To determine whether this antibody 
LparationcoulddetectPARSexpressedat natural lev- 
els, this experiment was repeated with Dam, cells (Fig. 2e, 
and data not shown), which had been shown by Northern 
blot to express PAR3 mRNA (Fig. 1). A significant increase 
in antibody bindingwas seen with PAR3 antibody vs. non- 
immune IgG, consistent with RT-PCR and Northern Mot 
analysis (Fig. 1). This suggests that the absence of detectable 
PAR3 protein on the surface of human plate ets is not due 
to insensitivity of the assay.Taken together, ^esedata con- 
firm the presence of PARI andPAR4,butnotPAR3,on the 
surface of human platelets. 

Activation of human platelets by PARI- and PARA-activOing 
peptides. Synthetic peptides chat mimic the tethered hg- 
ands of PARI and PAR2 function as agonists for their 
respective receptors (3, 7, 8) and have been used as phar- 
macological tools to probe the function of these recep- 
tors in various cell types. Unfortunately, the cognate pep- 
tide for PAR3 appears to be insufficiendy avid to function 
as a free ligand (15)- We and others (17, 18) recendy 
showed that a peptide mimicking the tethered ligand for 
PAR4 can function as an agonist for that receptor, albeit 
at a concentration higher than that seen with the PARI 
and PAR2 peptides and their cognate receptors To deter- 
mine the specificity of the PARI and PAR4 tethered lig- 
and peptides, we first assessed their ability to trigger cal- 
cium mobilization in Xenopus oocytes heterologously 
expressing PARI and PAR4, our most sensitive assay sys- 
tem (Fig 3,a). No responses were detected in oocytes 
exptessingneitherreceptor^otshow^.Boththehuman 

PAR4 peptide GYPGQV and the mouse PAR4 peptide 
GYPGKF activated oocytes expressing human PAR4, but 



with an ECso roughly two orders of magnitude higher 
than that of SFLLRN for PARI activation (Fig. 3a and ret. 
17) SFLLRN showed no activity at PAR4. At 500 LuM, the 
PAR4 peptide GYPGKF did show minimal activity at 
PARI However, because PARI is overexpressed such that 
the sensitivity for detection of PARI activation in the 
oocyte assay is 10- to 100-fold greater than m platelets, it 
is Xly thL PARI activation at 500 pM GYPGKF is 
unimportant in the platelet studies described below. 

The PARI peptide SFLLRN and the PAR4 peptides 
GYPGKF and GYPGQV all activated human plate ets 
(Fig 3b) The PAR4 peptides were considerably less 
potent than the PARI peptide for activating human 
platelets; GYPGKF was slightly more potent than 
GYPGQV (Fig. 3b, and data not shown). The potencies 
of these peptides for platelet activation thus correlated 
with their relative potencies for activation of their respec- 
tive receptors in the oocyte system (Fig. 3). 

Incubation of PGE.-treated platelets with SFLLRN ren- 
dered them refractory to subsequent stimukaon by SFLL- 
RN but did not affect responsiveness to GYPGKF (Hg. X). 
Conversely, incubation with GYPGKF rendered platelets 
Sctory^subsequentstimulationbyGYPGKFbutdid 
not affeci Responsiveness to SFLLRN (Fig. 3,i). These results 
suggest that activation of either PARI or PAR4 with their 
cognate peptide agonists is sufficient to activate human 
platelets. Taken together, the results presented above show 
that PARI and PAR4 function in human platelets. 

PARI and PAR4 antibodies inhibit thrombin cleavage of their 
respective receptors. To determine the necessary roles of 
PARI and PAR4 in platelet activation by thrombin we 
developed blocking antibodies. The previously descnbed 
PARI antibody raised against PARl's hirudin-hke 
domain (9) is predicted to inhibit thrombin cleavage of 
PARl's NH 2 -terminal exodomain by disrupting binding 
to thrombin's anion-binding exosite. Because no analo- 
gous hirudin-like domain was apparent in the sequence 
of PAR4's NH 2 -terminal exodomain, antiserum was 
raised to a peptide that represented sequence spannmg 
PAR4's thrombin cleavage site. This antiserum specifi- 
cally recognized PAR4 (Fig. 2, and data not shown) To 
test the ability of the PARI and PAR4 antibodies to block 
cleavage of PARI and PAR4, Rat-1 fibroblasts expressing 
FLAG epitope-tagged PARI and PAR4 were preincubat- 
ed with antibody. Receptor cleavage was then measured 
as loss of FLAG epitope from the cell surface upon expo- 
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sure to thrombin (20) (Fig. 4). PARI deavagc was 
markedly inhibited by PARI antibody but not by PAR4 
antibody. Conversely, PAR4 cleavage was markedly 
inhibited by PAR4 antibody, but not by PARI antibody. 
These data predicted that the PARI and PAR4 antibod- 
ies should selectively attenuate thrombin signaling via 
PARI and PAR4, respectively. 

Inhibition of thrombin signaling by PARI and PAR4 anti- 
bodies, and by a PARI antagonist. A fibroblast cell line 
derived from PARl-deficient mice (23) was used to gen- 
erate lines stably expressing human PARI and PAR4. 
Because no thrombin responses were detectable in 
untransfected PARI -deficient fibroblasts, signaling in 
the transfected cells could be attributed to the transfix- 
ed receptor. In the PARI -expressing cell line, increases in 
cytoplasmic calcium were reliably elicited by thrombin 
at concentrations as low as 10 pM (Fig. 5a). PAR4 TgG 
had no inhibitory effect, even on these threshold 
responses (Fig. 5). As demonstrated previously (9), PARI 
IgG markedly attenuated such signaling, and nonim- 
mune antibody was without effect (data not shown). 

The PARI antagonist BMS200261 (27) attenuated 
PARI signaling even at high thrombin concentrations 
(Fig 5). Responsiveness to lysophosphatidic acid was 
unaffected by the antagonist, as was PAR4 signaling 
(Fig 5 and data not shown), suggesting that the 
inhibitory effect of BMS200261 was specific. 

In the PAR4-expressing cell line, increases in cytoplas- 
mic calcium were reliably triggered at 1 nM thrombin 
(Fig 5b) PAR4 IgG blocked such responses but had no 
effect on responses to GYPGKF, consistent with the ana- 



body's acting by preventing receptor cleavage by throm- 
bin PAR4 preimmune IgG, PARI IgG, and PARI antag- 
onist (100 |AM) failed to inhibit PAR4 signaling even at 
threshold thrombin concentrations (Fig. 5b, and data. 
not shown). Taken together, these results established 
specific tools for blocking PARI or PAR4. PARI and 
PAR4 could each be blocked with a specific IgG. PARI 
could also be specifically blocked with BMS20026 1 or by 
homologous desensitization with SFLLRN. This pre- 
sented an opportunity to assess the roles of PARI and 
PAR4 in platelet activation by thrombin. 

Inhibition oftbrombin-induced platelet aggregation by block- 
ing PARI and PAR4 signaling. The contribution of PARI 
and PAR4 signaling to thrombin activation of human 
platelets was tested using the strategies outlined above. 
By itself, PAR4 IgG had no effect on platelet aggregation 
even at low (1 nM) thrombin (Fig. 6). By contrast, PARI 
IgG or BMS200261 markedly inhibited platelet aggrega- 
tion in response to InM thrombin, as did prior desensi- 
tization of platelets with the PARI agonist SFLLRN (Fig. 
6) None of these maneuvers inhibited platelet aggrega- 
tion in response to GYPGKF ot submaximal concentra- 
tions of adenosine diphosphate (ADP)<Fig. 6 and data 
not shown). These data suggest that PARI is the major 
mediator of platelet activation at low concentrations ot 
thrombin, consistent with previous studies (9, 25). 

In contrast to the case at 1 nM thrombin, at : 30 nM 
thrombin,inhibitionofPARl signaling by either PARI IgG, 
antagonist, or SFLLRN desensitization was largely ineffec- 
tive, only slowing aggregation slighdy, such that shape 
change became detectable (see 0- to 30-second portions of 



884 



TheJournalofClinicallnvestigation | March 1999 | VolumelOS | NumberS 



the aggregation curves in Fig. 6, b-d). Inhibition of PAR4 € 
signaling with PAR4 IgG was similarly ineffective (Fig. 6b). 

Strikingly, when signaling via PARI and PAR4 was 
blocked simultaneously, aggregation in response to even 
high concentrations of thrombin was virtually abolished 
(Fig 6) Such synergy was seen regardless of the means 
by which PARI was blocked (desensitization, PARI IgG, 
or antagonist) (Fig. 6). PAR4 preimmune IgG had no- 
effect in such experiments (data not shown), and platelet 
activation by ADP and by GYPGKF, which bypasses the 
effect of the PAR4 antibody, were not inhibited (Fig. 6, 
and data not shown). These data strongly suggest that 
both PARI and PAR4 contribute to platelet activation at 
high (30 nM) concentrations of thrombin and that inhi- 
bition of both receptors is required to ablate thrombin- 
triggered platelet aggregation. 

Inhibition oftbrombin-induced platelet secretion by blocking 
PARI and PAR4 signaling. A more quantitative measure of 
platelet activation is the amount and rate of adenosine 
triphosphate (ATP) release due to the secretion of platelet 
granule contents. We therefore measured the effect of 
BMS200261, PAR4 IgG, or both, on peak ATP release and 
the time to half-maximal ATP release in response to 30 
nM thrombin (Fig. 7). PARI antagonism with 
BSM200261 decreased maximal ATP secretion to approx- 
imately one-third of control levels and prolonged the nme 
to half-maximal secretion by approximately threefold. 
PARI IgG alone had a similar effect (not shown). PAR4 
antibody alone had no effect on the tempo of ATP secre- 
tion and only a small effect, if any, on peak response. Strik- 
ingly, the combination of BMS200261 and PAR4 IgG 
ablated ATP secretion in response to 30 nM thrombin. 
Even after 10 minutes, no secretion was detected. Similar 
data were obtained when PARI IgG was combined with 
PAR4 IgG. These maneuvers did not block secretion in 
response to GYPGKF (Fig. 7), and preimmune and non- 
immune IgG were without effect (data not shown). These 
results support the hypothesis that PARI and PAR4 
account for platelet secretion and aggregation in response 
to thrombin at concentrations as high as 30 nM. They also 
suggest that PARI is necessary for rapid platelet activation 
by thrombin even at high thrombin concentrations. 

Discussion 

In this study, we addressed the roles of PARI, PAR3, and 
PAR4 in activation of human platelets by thrombin. We 
showed that PARI and PAR4 are functionally expressed 
in human platelets and that these receptors account for 
most if not all thrombin signaling in these cells. We fur- 
ther demonstrate that PARI mediates platelet responses 
at low concentrations of thrombin and is necessary for 
the most rapid and robust platelet responses, even at 
high concentrations of thrombin, consistent with previ- 
ous studies (9, 10). In contrast to PARI, PAR4 mediates 
platelet activation only at high thrombin concentrations 
and PAR4 signaling appears unnecessary for platelet 
activation when PARI function is intact. 

The observation that specific inhibition of PARI and 
PAR4 ablate thrombin signaling in human platelets sug- 
gests thrombin binding to GPIbcc (28) is not sufficient 
to trigger platelet activation; whether such binding plays 
any adjunctive role is not known. Our results also sug- 
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Figure 6 fL 

The effects of inhibition of PARI and/or PAR4 on aggregation of human 
platelets in response to low (1 nM) and high (30 nM) concentrations of 
thrombin. Platelets were pretreated with buffer alone, PARI IgG (10 
ug/ml), PAR4 IgG (1 mg/ml), or PARI antagonist (100 >lM) or were 
desensitized to SFLLRN as indicated and then exposed to 1 nM throm- 
bin (a) 30 nM thrombin (b-d), or 500 |lM GYPGKF («) at time 0. Aggre- 
gation was measured as increase in light transmission. Preimmune or 
nonimmune IgG were without effect (not shown). This experiment was 
performed using triplicate samples twice (o, c, e) orfouromes (6, d). Rep- 
resentative tracings are shown. 
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gest that PAR3 has no important role in activation of 
human platelets by thrombin. Indeed, PAR3 mRNA and 
protein were not detected in human platelets but were 
readily detected in Dami cells. Such negative data regard- 
ing PAR3 expression in platelets must of course be inter- 
preted with caution. Our failure to detect PAR3 mRNA 
and protein in human platelets is concordant with our 
functional data but at variance with a recent report _ot 
PAR3 expression in human platelets detected by RT-PCK 
and flow cytometry (26). In the latter study, the RT-PCR 
was not quantitative, and potential cross-reactivity or the 
PAR3 antiserum was not discussed, possibly accounting 
for our different results. Alternatively, platelets from 
only a handful of individuals have been studied, and it is 
possible that regulation or individual differences in 
PAR3 expression account for our differing results. 
Regardless, we know of no data that implicate PAR3 
function in activation of human platelets by thrombin. 

It is interesting to compare and contrast thrombin 
signaling in human and mouse platelets. This study 
shows that human platelets utilize both PARI and 
PAR4 with no apparent role for PAR3. By contrast, 
mouse platelets utilize PAR3 and PAR4 (17), with no 
apparent role for PARI (14). A definitive answer to 
whether additional receptors play a role in the mouse 
awaits generation of PAR3/PAR4 double knockout 
mice. In human platelets, PARI is necessary for 
responses to low concentrations of thrombin; in 
mouse platelets, PAR3 plays this role (17). Thus 
despite the use of distinct receptors, platelets in both 
species use a dual thrombin receptor system in which 
a high-affinity receptor (PARI in human, PAR3 in 
mouse) mediates responses to low concentrations or 
thrombin and a low-affinity receptor (PAR4) mediates 
signaling at high concentrations. Interestingly, both 
PARI and PAR3 have obvious hirudin-like domains (3, 
29) In PARI, this domain binds thrombin's fibrinogen 
binding exosite and is critical for PARl's efficient 
cleavage and activation by thrombin (3, 5, 29-32). 
PAR4 has no such domain, perhaps accounting for its 
slower cleavage by thrombin and right-shifted con- 
centration response curve (17, 18). 




♦♦♦♦♦♦ 



The biological significance of having dual thrombin 
receptors in platelets remains uncertain. PAR3-deficient 
mice showed no spontaneous bleeding and had normal 
bleeding times; thus, in mice, the high-affinity receptor is 
not necessary for normal hemostasis when the low-afrm- 
ity receptot is present. Whether different challenges will 
unmask a requirement for PAR3 in hemostasis or throm- 
bosis is unknown, and whether combined deficiency in 
PAR3 and PAR4 will provoke a bleeding diathesis remains 
to be determined. It is possible that two receptors in 
platelets simply provide redundancy in an important sys- 
tem but a variety of more interesting possibilities are 
apparent It is possible that a capacity to respond to 
thrombin over a greater concentration range is important 
for reasons not yet understood. More broadly, PARI, 
PAR3 and PAR4 might mediate responses to proteases or 
ligands other than thrombin or allow thrombin itself to 
activate distinct signaling pathways or to trigger signaling 
with varied tempos of activation or shutoff. The existence 
of multiple receptors also allows for distinct temporal and 
spatial expression. The finding of PAR3 expression in 
Dami cells (Figs. 1 and 2), but not in human platelets, is 
provocative in this regard. Dami cells were derived from a 
patient with megakaryoblastic leukemia and express a 
number of megakaryocyte markers (19). PAR3 is also 
expressed by HEL cells and K562 cells (data not shown 
and ref. 26). These results raise the possibility that PAKJ 
might be expressed by hematopoietic cells in the ery- 
throid/megakaryocyte lineage but extinguished in mature 
megakaryocytes and platelets. The role of PAR expression 
in hematopoiesis, if any, and whether PARs might serve as 
useful markers of differentiation, remains to be explored. 

Because of the role of thrombin and platelet activation 
in myocardial infarction and other pathological processes, 
identifying and blocking the receptors by which thrombin 
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activates platelets has been an important goal. Iterations 
around PARl's tethered ligand sequence SFLLRN have 
already led to the development of potent peptide-based 
antagonists (27). These antagonists blocked human 
platelet activation by SFLLRN itself and by low concentra- 
tions of thrombin but were ineffective at high concentra- 
tions of thrombin (27). This study strongly suggests that 
persistent platelet responses to high thrombin concentra- 
tions in the presence of a PARI antagonist were due to 
PAR4, which is not blocked by the antagonist. The PARI 
antagonist BMS200261 was in fact quite effective at block- 
ing activation of PARI by high concentrations of throm- 
bin (Fig. 5, and data not shown) but became effective at 
blocking platelet activation by high concentrations of 
thrombin only when PAR4 was blocked simultaneously. 

The finding that PARI and PAR4 account for all, or vir- 
tually all, of the ability of human platelets to respond to 
thrombin should excite interest in the development of 
thrombin receptor antagonists as possible antithrombotic 
agents. Agents that inhibit signaling via the thromboxane 
and ADP receptors are effective antithrombotic drugs (33, 
34). Given thrombin's remarkable potency as a platelet acti- 
vator and its ability to activate even aspirin-treated platelets 
(35, 36), blockade of thrombin signaling in platelets might 
also prove to be a useful strategy for preventing thrombo- 
sis. Because inhibition of PARI alone markedly attenuated 
platelet responses at low concentrations of thrombin, PARI 
antagonism might be sufficient for an antithrombotic 
effect. In this scenario, PAR4 might ensure a minimal level 
of thrombin signaling and act as a safety buffer. Alterna- 
tively, it may be necessary to block both PARI and PAR4 to 
prevent thrombosis. Using genetically modified mice and 
inhibitor studies in other species, it will now be possible to 
determine if these strategies should be pursued. 
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were moved close to a perfusion pipette containing standard extracellular 
solution supplemented with Cu(n)(l,10-phenanthroline) 3 at different concen- 
trations. A Cu(ii)(l,10-phenanthroline) 3 stock solution was made by dissolving 
150mM CuS0 4 and 500 mM 1,10 phenanthroline in 4:1 water/ethanol After 
reaching steady-state conditions, cells were moved to another perfusion pipette 
with standard extracellular solution containing 1 mM DTT. Current modifica- 
tions under oxidizing and reducing conditions were observed as described for 
the MTS experiments. The time course was fit with a single exponential giving 
the time constant of modification. 

To determine block by intracellular Cd 2+ , Cd 2+ was added in variable 
concentration to a modified intraceUular solution devoid of EGTA containing 
(in mM): NaCl 140, MgCl 2 2, HEPES 10, pH7.4. Initially, the voltage 
dependence of the instantaneous current amplitude after a 300~ms prepulse to 
+75 mV was obtained on inside-out patches in standard intracellular solution. 
Then the Cd 2+ -containing solution was applied by moving the patch into the 
stream of a perfusion pipette. The time course of the block was determined by 
repetitive pulsing. After reaching a steady-state value, the voltage dependence 
of the instantaneous current amplitudes was measured with the patch pipette in 
the solution stream and shortly after switching to standard intracellular 
solution. Relative block was obtained by dividing the current amplitude at the 
end of the prepulse before and after Cd 2+ application. 

Data were analysed with a combination of PClamp (Axon Instruments) and 
SigmaPlot (Jandel Scientific) programs. All data are shown as means ± s.e.m. 
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Platelet-dependent arterial thrombosis triggers most heart 
attacks and strokes. Because the coagulation protease thrombin 
is the most potent activator of platelets 1 , identification of the 
platelet receptors for thrombin is critical for understanding 
thrombosis and haemostasis. Protease-activated receptor- 1 
(PARI) is important for activation of human platelets by throm- 
bin 2 " 6 , but plays no apparent role in mouse platelet activation 7 " 9 . 
PAR3 is a thrombin receptor that is expressed in mouse 
megakaryocytes 1 - Here we report that thrombin responses in 
platelets from PAR3-deficient mice were markedly delayed and 
diminished but not absent. We have also identified PAR4, a new 
thrombin activated receptor. PAR4 messenger RNA was detected 
in mouse megakaryocytes and a PAR4-activating peptide caused 
secretion and aggregation of PAR3-deficient mouse platelets. 
Thus PAR3 is necessary for normal thrombin responses in 
mouse platelets, but a second PAR4-mediated mechanism for 
thrombin signalling exists. Studies with PAR-activating peptides 
suggest that PAR4 also functions in human platelets, which 
implies that an analogous dual-receptor system also operates in 
humans. The identification of a two-receptor system for platelet 
activation by thrombin has important implications for the devel- 
opment of antithrombotic therapies. 

PAR3-deficient mice (Fig. 1) developed normahy and showed no 
spontaneous bleeding. Haematocrit, platelet counts and bleeding 
times 11 were indistinguishable from those of wild-type mice (data 
not shown). However, thrombin responses in PAR3 -deficient plate- 
lets were markedly abnormal (Fig. 2). Wild-type platelets secreted 
their granule contents and aggregated reliably to 1 nM thrombin. In 
contrast, PAR3 -deficient platelets were virtually unresponsive to 1 
and 3nM thrombin; lOnM thrombin elicited delayed responses 
from PAR3-deficient platelets (Fig. 2) and the level of secretion 
eventually achieved by PAR3 -deficient platelets was decreased 
compared with that in wild-type platelets. Even at 30 nM thrombin, 
the secretion response in PAR3-deficient platelets was delayed, but 
the level of secretion ultimately reached was comparable to that seen 
in wild-type platelets (Fig. 2). Secretion and aggregation in response 
to U46619, an agonist of the thromboxane receptor, were indis- 
tinguishable in wild-type and PAR3-deficient platelets even at 
submaximal agonist concentrations (data not shown). Thus PAR3 is 
necessary for normal responsiveness to thrombin in mouse platelets. 

However diminished, thrombin responses did persist in PAR3- 
deficient platelets. What mediates these responses? The prototypical 
thrombin receptor PARI (ref. 2) plays no role in activation of mouse 
platelets by thrombin 9 , and PAR3 -deficient platelets, like wild-type 
platelets 7 " 9 , did not respond to PARI -activating peptide (data not 
shown). Persistent thrombin signalling in PAR3- deficient platelets 
therefore suggested the presence of an as yet uncharacterized 
thrombin receptor — perhaps another PAR family member. A 
GenBank BLAST search for PAR-related sequences revealed an 
EST (for expressed sequence tag) encoding an 11-amino-acid 
sequence that was 73% identical to the cognate sequence in PAR2. 
Because this region is conserved among PARs, a full-length com- 
plementary DNA was obtained. This cDNA (GenBank accession 
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number AF080215) encoded a 397-amino-acid protein, now desig- 
nated PAR4, that was most closely related to human PAR3, with 
30% amino-acid sequence identity. Proteases activate PARs by 
cleaving their amino-terminal exodomains to unmask a new 
amino terminus that then serves as a tethered ligand, binding 
intramolecularly to the body of the receptor to effect transmem- 
brane signalling 2 ' 12 - 13 . Examination of PAR4's amino -terminal exo- 
domain revealed a putative thrombin cleavage site (Fig. 3) that was 
identical to the thrombin cleavage site in rat PARI (ref. 14). 
Expression of PAR4 in Xenopus oocytes did confer robust signalling 
to thrombin, but, at least in this system, PAR4 required higher 
thrombin concentrations than did the well-studied thrombin 
receptor PARI (Fig. 3). Thrombin cleaved a Flag epitope fused to 
PAR4's amino terminus' 5 from the surface of PAR4- expressing 
oocytes, and active site-inhibited PPACK thrombin did not 
cause cleavage or signalling (data not shown), which is consistent 
with a proteolytic activation mechanism. PAR4 signalling was 
relatively thrombin-specific; among the related argimne/lysine- 
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specific proteases tested, only thrombin and trypsin elicited sig- 
nificant responses (Fig. 3). j l* j rnini A 
Synthetic peptides that mimic the tethered hgands of PARI and 
PAR2 function as agonists for their respective receptors and have 
been used as pharmacological tools to probe the function of these 
receptors in various cell types 2 - 5 ' 6 ; the cognate peptide for PAR3 
appears to be insufficiently active to function as a free ligand . The 
location of the putative thrombin cleavage site in PAR4 predicted 
that the sequence GYPGKF would serve as PAR4's tethered ligand, 
implying that a synthetic peptide of the same sequence might 
function as a PAR4 agonist. As predicted, this peptide activated 
PAR4-expressing Xenopus oocytes but not uninfected or water- 
injected oocytes (Fig. 3 and data not shown). In the thrombin 
receptors PARI and PAR3, the phenylalanine in the second position 
of the tethered ligand (a tyrosine in the PAR4? activating peptide) is 
critical for the function of this domam 5 ' 6 ' 10 . Accordingly, the 
synthetic peptide GAPGKF had no activity at PAR4 (Fig. 3). 
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Figure t Generation of PAR3-deficient mice, a, Gene-targeting strategy. A 
replacement vector 25 was used to substitute a neomycin phosphotransferase 
expression cassette (Neo) for Par3g exon 2, which encodes the entire PAR3 
protein except for its signal peptide. Wavy line represents plasmid backbone; TK, 
HSV thymidine kinase expression cassette, b, Southern-blot analysis of Bg!\\- 
digested genomic DNA from the tails of pups derived from Par3g^ matings using 
3' flanking probe (a). Targeting removed an endogenous BglW site and introduced 
a newSg/ll site.The 4.0-kb and 5.5-kb bands correspond to wild-type and targeted 
alleles, respectively, c, Northern-blot analysis of Par3g+'+ and Par3g' ( - mouse 
spleen mRNA using Par3g exon 2 probe and p-actin probe to control for lane 
loading, d, Flow cytometric analysis of wild-type and Par3g-'- platelets for PAR3 
protein Platelets were incubated with preimmune IgG (narrow line) or PAR3 IgG 
(wide line). Bound IgG was detected with FITC-labelted 2' antibody 23 . Each figure 
represents an analysis of 10,000 events. Note lack of surface PAR3 in Par3g' ' 
platelets. 
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Figure 2 Thrombin responses in PAR3-deficient platelets, a. Aggregation and 
secretion of wild-type (Par3g +/ *) and PAR3-dencient {Par3g- { -) platelets to 1 nM 
(left) and 10 nM (right) a-thrombin. Platelets were stirred and exposed to thrombin 
at 0s Similar results were obtained w'rth five separate platelet preparations, b. 
Time to half-maximal secretion. Par3g^ (filled symbols) and Par3g" (open 
symbols) platelets were stirred (circles) or left unstirred (diamonds) »n a 
lumiaggregometer. Time to 50% of the peak response elicited by each of the 
indicated concentrations of thrombin was measured. Unstirred platelets d.d not 
aggregate At each thrombin concentration, each point represents the response 
of a separate platelet preparation. Points at >600 s had no measurable secret.on 
at 10 min c, Dose response of Par3g"* (filled circles) and Par3g' " (open circles) 
platelets Unstirred platelets were exposed to various concentrations of thrombin 
and peak ATP secretion was measured. Values are the mean responses (± 
s.e.m.) of three separate platelet preparations. Some error bars are obscured by 
the symbols. 
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Figure 3 PAR4 amino-acid sequence and signalling properties, a, Sequence of 
PAR4 aligned with PAR3 and PARI, the two known .mouse" thrombin receptors. 
Regions of amino-acid identity are boxed T The, 11 -.amino acids of EST 400689 are 
overlined. b, Features of the amino-terminalexodomains of mouse thrombin 
receptors. The predicted thrombin: cleavage; site in RAR4 (/) is aligned with the 
known sites in PARs 1 and 3. The predicted or known tethered ligand sequences 
that are unmasked by receptor cleavage are underlined, as are amino-acid 
sequences resembling hirudin's carboxyl tail. The latter sequence in human PARI 
binds to thrombin's fibrihOgen-binding exosite in a similar way to hirudin's C- 
tai |i2^7 c Thrombin activation of PAR4 and PARI Agonist-triggered 45 Ca release 
was measured jnXenopus oocytes expressing mouse PAR4 and human PARI 
tagged at their amino termini with a FLAG epitope 15 . Data are mean ± s.e.m. 

Taken together, these data show that PAR4 is a functional protease- 
activated receptor that is capable of mediating thrombin signalling. 

Northern-blot analysis of mouse tissues revealed a relatively high 
level of expression of PAR4 in spleen, trace expression in heart, lung, 
skeletal muscle and kidney, and no detectable expression in brain, 
liver or testis (data not shown). In situ hybridization of spleen and 
bone marrow revealed that, like PAR3 (ref. 10), PAR4 mRNA is 
expressed in mouse megakaryocytes (Fig. 4). Finally, GYPGKF, a 
PAR4-activating peptide, activated both wild-type and PAR3-defi- 
cient mouse platelets, whereas the mutant GAPGKF peptide had no 
activity (Fig. 4 and data not shown). These data suggest that PAR4 
functions in both wild-type and PAR3-deficient mouse platelets and 
is likely to be responsible for the residual thrombin signalling seen in 
the latter. 

The characterization of a dual thrombin receptor system in 
mouse platelets leads to the question of whether a similar system 
operates in human platelets. Unlike mouse platelets, thrombin 
signalling in human platelets is mediated at least in part by PARI 
(refs 2-6, 12). A role for PAR3 in human platelets has not been 
demonstrated, but pharmacological studies have suggested that 
PARI -independent mechanisms for activating human platelets 
may exist 3 ' 17 - 20 . We have identified a human PAR4 cDNA (GenBank 



ip = 4) and are expressed as the fold increase over baseline for each receptor. 
Surface expression of PAR4 measured with anti-FLAG monoclonal antibody was 
1.8 times that of PARI. Similar signalling data were obtained with untagged 
receptors, d, Specificity of PAR4 activation by proteases and peptides. ^Ca 
release by oocytes expressing PAR4 was measured in response to the indicated 
active proteases (ail at 5 nM except trypsin (0.5 nM)) or to the synthetic peptides 
GYPGKF and GAPGKF (each at 500 m-M). Uninjected and buffer-injected oocytes 
did not respond to proteases or peptides at these concentrations. Data are 
mean ± s.e.m. [n = 3) and are expressed as a percentage of the maximum 
response to thrombin. In the experiment shown, thrombin caused a 33-fold 
increase in 45 Ca release. These experiments were replicated at least twice. 



accession number AF080214) and studies using polymerase chain 
reaction (PCR) after reverse transcription of RNA suggest that it is 
expressed in human platelets (M.L.K., M. Nakanishi-Matsui and 
S.R.C., manuscript in preparation). In addition, both SFLLRN, a 
PARI -activating peptide, and GYPGKF, a PAR4-activating peptide, 
activated human platelets; the mutant peptide GAPGKF did not 
(Fig. 4). The potency of these pharmacological tools for platelet 
activation correlated with their potency at their respective receptors 
in the oocyte system. GYPGKF activated human platelets at a 
threshold concentration of 300-500 u,M and PAR4-expressing 
Xenopus oocytes with an EC 50 (effector concentration for a half- 
maximal response) of 30 yM. SFLLRN activated human platelets at 
a threshold concentration of 1-3 u,M and PARI -expressing oocytes 
with an EC 50 of 0.3 \xM. SFLLRN showed no activity on PAR4- 
expressing oocytes and GYPGKF showed little activity on PAR1- 
expressing oocytes (<8% of maximal PARI activation even at 
500 uM GYPGKF, data not shown). Lastly, GYPGKF activated 
PARI -desensitized platelets (Fig. 4). These data suggest that PAR4 
functions in human platelets. 

In summary, PAR3 is necessary for normal thrombin signalling in 
mouse platelets but PAR4, a newly characterized thrombin receptor, 
also contributes. Human platelets also seem to use at least two 
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Figure 4 Expression of PAR4 in mouse megakaryocytes and evidence for PAR4 
function in mouse and human platelets, a, In situ hybridization of mouse spleen 
for PAR4 mRNA. Bright-held photomicrograph shows silver grains overlying a 
megakaryocyte. Sense-probe controls were negative, b, GYPGKF, a PAR4- 
activating peptide, activates wild-type and PAR3-deficient mouse platelets. 
Stirred wild-type and PAR3-deficient platelets were exposed to GYPGKF 
(500>M) at 0 s and aggregation was measured. Under the same conditions, ; no 
response to the control peptide GAPGKF was obtained (data not shown), this 
experiment was repeated three times, c, PAR4~activating peptide activates 

receptors, PARI and PAR4, for thrombin signalling. Why might a 
two-receptor system for platelet activation by thrombin exist? It 
may simply provide redundancy in a pathway important for 
haemostasis. More interestingly, it may provide a mechanism for 
responding to proteases other than thrombin or to thrombin itself 
over a wider range of concentrations^ for signalling with different 
tempos, for activating distinct downstream effectors, or for allowing 
differential regulation of receptor levels or function. The identifica- 
tion of this receptor system provides a framework for further 
defining the roles and relative importance of distinct PARs in 
platelets and other cells and for refining strategies for pharmaceu- 
tical development. For example, it may be necessary to block both 
PARI and PAR4 in human platelets to achieve an antithrombotic 
effect. Alternatively, the existence of a second receptor may provide 
a useful margin of safety for such potentially powerful therapeutic 
agents and/or the ability to block selected in vivo responses to 
thrombin. 

Note added in proof. While this manuscript was in press, the 
identification of human PAR4 was reported independently 28 . □ 

Methods 

Inactivation of the gene encoding PAR3 (Par3g). A bacterial artificial 
chromosome (BAC) that contained Par3g was obtained by PCR screen of a 129/ 
SvJ mouse genomic library (Genome Systems). A 6.5-kilobase (kb) 
BamHVEcoia fragment 5' of exon 2 and a 2.0-kb BgtlVBamHl fragment 3' 
of exon 2 were cloned into the pNTK vector 21 to create the targeting vector 
(Fig. la). A 0.8-kb Ndel fragment of Par3g 3' of the short arm of homology was 
used as a probe to identify both the wild- type and targeted alleles (Fig. la). RF8 
ES cells 22 (129/SvJae) were electroporated with the targeting construct and 
clones that were resistant to G418 and FIAU were selected and screened by 
Southern blot. A highly chimaeric male mouse that was derived using Par3g +I ~ 
ES cells was bred to C57B1/6 females to generate approximately 50 F, Par3g +l ~ 
mice. All experiments reported here were performed using the F 2 offspring of 
these mice. 

Northern blot analysis, Poly(A) + RNA (3 p-g) from wild-type and Par3g t ~ 
mouse spleens was electrophoresed on a denaturing gel, transferred to 
reinforced nitrocellulose membrane (Schleicher 8c Schuell), and hybridized to a 



human platelets: Naive, human platelets were exposed to the PARI agonist 
SFLLRN {3 ^M); .the PAR4 agonist GYPGKF (500 ^M) or the mutant peptide 
GAPGKF (500 J and aggregation was measured, d, PAR4-activating peptide 
activates PAR 1 -desensitized human platelets. SFLLRN-desensitized platelets 
(sel Methods) were exposed to either SFLLRN (500 u.M) or GYPGKF (500 p.M) 
and aggregation was measured. This experiment was replicated three times 
using platelets from two different donors. Note that GYPGKF activates naive and 
PARI -desensitized human platelets. 



600-base-pair (bp) EcoKUSatl PAR3 exon 2 probe under high stringency. 
Flow cytometry. Washed mouse platelets were resuspended in platelet buffer 
(20 mM Tris-HCl pH 7.4, 140 mM NaCl, 2.5 mM KC1, 1 mM MgCl 2 , 1 mg ml" 1 
glucose, 0.5% BSA, 1 |xM PGEj and 5 mM EDTA), incubated with 10 p,g ml" 1 of 
anti-PAR3 IgG 23 at 4°C for 1 h, washed, and then incubated with FITC- 
conjugated goat anti-rabbit IgG (Molecular Probes) at 4p J gmF I for 30 min. 
Platelets were then washed three times and analysed by flow cytometry. 
Platelet aggregation and secretion. Blood was collected into citrate buffer 
from the inferior vena cava of pentobarbital- anaesthetized mice. Blood from 
3-4 Parig 1 ' mice or their wild-type littermates was pooled for each platelet 
study. Platelet-rich plasma was prepared by centrifiigation of whole blood at 
200# for 7min. EDTA (lOmM) and PGE, (1 u.M) were then added and 
platelet-rich plasma was centrifuged at 500 £ for lOmin. Platelets were then 
washed in platelet buffer containing 1 mM EDTA and 1 u.M prostaglandin 
PGEi, collected by centrifugation, resuspended to an OD500 of 1.0 (—2.5 X 
10 8 platelets per millilitre) in platelet buffer lacking EDTA and PGE t , and 
incubated on ice for 30 min before use. Calcium chloride was added to a final 
concentration of 2mM and aggregation and secretion were measured in a 
Chrono-Log lumiaggregometer. Platelet suspension (300 uJ) was added to the 
aggregometer chamber and change in light transmission after addition of 
agonist was followed. Results are expressed as the change (A) in light 
transmission, denned as the per cent increase in light transmission over that 
of the unactivated platelet suspension, with 100% representing light transmis- 
sion of platelet buffer alone. Platelet ATP secretion was measured by adding 
luciferase (880 units per millilitre) and luciferin (8 u.g ml -1 ) to each sample; the 
luminescence generated by platelet -released ATP was compared with that of an 
ATP standard. Human blood was drawn from the antecubital vein; otherwise 
human platelets were prepared in a manner identical to mouse platelets. For 
PARl-desensitization studies, human platelets that were resuspended from the 
first platelet pellet were incubated with 100 p.M SFLLRN peptide at room 
temperature for 5 min without stirring, and then washed and resuspended as 
above. 

Cloning of PAR4. Mouse EST 400689 was identified by BLAST search of the 
NCBI EST database using the coding region of human PAR2. The EST was 
sequenced and found to encode the carboxy- terminal 32 amino acids of a 
presumed G-protein-coupled receptor. A full-length cDNA was obtained by a 
combination of 5' rapid amplification of cloned ends (RACE) using cDNA 
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from mouse embryo at day 14-15 (Marathon cDNA, Clonetech), and PCR of 
cDNA from a mouse brain endothelial cell line (bEND cells, W. Risau). A BAC 
mouse genomic clone was obtained from Genome Systems. The sequence of the 
cDNA (Fig. 3) and genomic clones were consistent. Human PAR4 was cloned 
from K562 mRNA by RT-PCR using primers based on mouse PAR4 sequence. 
Functional studies in Xenopus oocytes. cDNA encoding Flag-epitope- 
tagged PAR4 (ref. 15) was constructed such that the Flag epitope was followed 
by amino-acid 18 of PAR4. Epitope-tagged and wild-type PAR4 cDNAs in 
pFROG 2 were transcribed in vitro and Xenopus oocytes were microinjected with 

0. 5.5.0 ng of PAR4 cRNA and 25 ng of PARI cRNA per oocyte. Agonist- 
triggered 45 Ca mobilization, a reflection of phosphoinositide hydrolysis in these 
cells, was measured 2,24 . 

In situ hybridization. In situ hybridization 10 was done using sense or antisense 
3S S-riboprobe transcribed from mouse PAR4 cDNA in pBluescript II SK. An 8- 
week exposure is shown. 
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Much attention has focused on the aetiology of oxidative 
damage in cellular and organismal ageing 1 " 4 . Especially toxic 
are the reactive oxygen byproducts of respiration and other 
biological processes 5 . A mev-l(knl) mutant of Caenorhabditis 
elegans lias been found to be hypersensitive to raised oxygen 
concentrations 6,7 . Unlike the wild type, its lifespan decreases 
dramatically as oxygen concentrations are increased from 1 to 
60% (ref. 7). Strains bearing this mutation accumulate markers of 
ageing (such as fluorescent materials and protein carbonyls) faster 
than the wild type 8 ' 9 . We show here that mev-i encodes a subunit 
of the enzyme succinate dehydrogenase cytochrome b> which is a 
component of complex II of the mitochondrial electron transport 
chain. We found that the ability of complex II to catalyse electron 
transport from succinate to ubiquinone is compromised in mev-1 
animals. This may cause an indirect increase in superoxide levels, 
which in turn leads to oxygen hypersensitivity and premature 
ageing. Our results indicate that mev-1 governs the rate of ageing 
by modulating the cellular response to oxidative stress. 

Three-factor crosses using visible genetic markers placed mev-1 
between unc-50(e306) and unc-49{e382) on chromosome III 
(Fig. 1). We tested cosmids from this region for their ability to 
rescue mev-1 mutants from oxygen hypersensitivity after germline 
transformation 10 . Cosmid T07C4, but not C38H2, M03C1 1 or other 
cosmids, was able to rescue the mev-1 mutant phenotype (Fig. 1). By 
testing various subclones from this cosmid, we identified a 5.6- 
kilobase (kb) fragment that also restored wild-type resistance 
(Figs 1, 2). Rescue was essentially complete with respect to both 
oxygen hypersensitivity (Fig. 2a) and premature ageing (Fig. 2b). 
This fragment includes an open reading frame containing the 
conceptual gene cyt-l> which is homologous to the bovine succinate 
dehydrogenase (SDH) cytochrome b 56 o (ref. 11; GenBank accession 
number L26545 for C elegans and S74803 for bovine, respectively). 
We found that the mev-1 (knl) strain contained a missense mutation 
resulting in a glycine- to- glutamic acid substitution in cyt~l (Fig. 3). 
This mutation created a restriction fragment -length polymorphism 
that enabled the restriction enzyme Mrol to cleave wild-type DNA 
but not mev-1 DNA at position 323. As predicted from the 
sequences, digestion by Mrol of the products of polymerase chain 
reaction with reverse transcription (RT-PCR) yielded two bands 
from wild type (N2), one band from mev-l(knl) and three bands 
from transgenic animals (knl;knls2) (Fig. 1). This confirms that the 
wild-type cyt-1 gene that we introduced into the mev-1 strain was 
expressed and that rescue was achieved by this gene. We also 
confirmed that a 2.8-kb wild-type PCR product of this gene, 
including regions from 1,566 bases upstream and 537 bases down- 
stream, rescued mev-1 (Fig. 1). 
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summary 

The aggregation of platelets from a variety of animal spedes in 
response to faomfrfl receptrx-derived activatJflg peptides Was cvak- 
rtA series of I4^SFORNPNDKYBFR, 7-<SFUiOT»NH a ), 
S^SPLIJW-HN^ 01 S^SFLLR-NHj) residne peptides, the stractnres 
of which were based on the deduced amino add wqacooe of the human 
thrombin receptor, promoted full aggregation <rf platelets id plasma 
from hnmans, African Green and Kheims monkeys, baboons and guinea 
pigsit^tiMdepefio^^ 

rabbit, dog, plf, and hamster ttndcrwenjt i shape change tat failed to 
aggregate in response to these peptides over 3 tog unite of peptide top to 
500 pM* despite bemg folly responsive to human thrombin. However, 
because the receptor peptides induced shape change In the platelets 
fmm these non-aggregating spedes, they a^roarsnfly can activate some 
of the intracellulaf signaling B7*tem<s) nsn airy midated by thrombin in 
«ese platelets, In contrast, platelet* from rata aid not imdergo shape 
change c**£gre^ in respc^ro 

derived peptide based on die deduced amino acid sequence of the clone 
of the hamster mrombin receptor (SBFLRMP-H|) was nearly as effica- 
cious as the eoaesporK&ig human receptor-derived 7-residoe peptide 10 
promote a^regadon of human platelets, Hoover, the hamster peptide 
could not promote aggregation of haiusfcr platelet in plasma at op to 
800 |xM peptide, while a shape change response was elicited. Platelets 
from rata, rabbits and pigs also did not aggregate in response to this 
peptide derived from me hamster thrombin receptor, but all species 
except the rat underwent a shape change. Longer 17-residue peptides 
derived from rlie sequ«n<^ of tt» 



ater platelets, la contrast, the human 14- and 5-rcsidue and the hamster 
7*esidue mrombin receptor-derived peptides promoted autogenesis of 
CCJL39 cella, a hanwer fibroblast cell Hne. Finally, the human 6^ 
residue thrombki receptor-aerlved peptide promoted ccrrtrsctioa of 
Dorms] and dc-erktotheliaUzed canine coronary artery rings, despite 
baring no pft^aggrtgatory effect on canine platelets. Taken together, 
fteae remits denwostrate that the tbrombta leceptoT-derlved peptides 
are able to mimic many, but not all of the activating effect of thrombin 
in different tissues from multiple specks. The heterogeneity of 
responsiveness to these peptides should be taken Into account in tore 
experiments designed to elucidate the mechanism of thrombin stimula- 
tion of platelets and other cells, 
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Introduction 

The serine protease thrombin is the most potent physiological 
activator of platelets known. It directly activates platelets and other 
ce& via c*ecf more ceHsm^ 

thrombin receptor was recently described. Based on its primary se- 
quence and on its characteristics of activation this receptor belongs to 
file family of 7 traimnembrane G-proteb linked receptors. According 
to the novel mechanism of activation of toe receptor proposed by 
Cong&Efl et a). (2, 4) thrombin cleaves the eKtraccltotac domain of the 
receptor to create a new amino termton a, which can lb en act as a tether- 
ed Kgand to activate the receptor. Peptides as short as the first 5 amino 
acids derived from the sequence of reposed new amino terminus 
are able to fully activate human platelets and naive cells iraasfected 
w^m the clone for the thrombin receptor (M). Receptor activation on 
platelets retails In the fcrocrional responses of platelet aggregation, 
secretion, Ca" mobiliiation, protein phosphorylation, phosphatidyl 
inositol metabolism and inhibition of adenylate cyclase activity (9, 10), 
71ms, the receptor peptide* can mimic many of the action* of dirombto 
itself In platelets. 

Evidence for rae existence of the donad thrombin receptor has been 
resented for a wide variety of cells including endothelial cells, smooth 
ransde cells, me«enclrymal^peacing cells and macrophages (re- 
viewed in 4). In order to fame* explore the universality of thh receptor 
and i ts mode of activzti on and role in normal hemostasi s and thrombo- 
sis, we e»ffluned the effect of human thrombin receptor-otaved 
peptides on the activation of platelets and other cells from a variety of 
animal species. These studies revealed that platelets from many species 
are not fhjly responsive to these receptor-derived peptides, despite 
being responsive to thrombin. However, other cells from these same 
ipi^dogfreafanrAy^ 

Mettrads 

Materials 

Equine tendon type I collagen and AD? were from ChronO-Log Corp., 
Ksvemnra. PA.; mromeln for (he vascotar teacdvity studies was from Sigma, 
tor the tissue cuitom studies k ins from American Diagnostics, and for all 
omer stadias tt was sandly providod by S)r 4 Jc^W.FWt0oU. A&any,RT.; 

ATCC Otodcvffl^MD); peptides were ftom ABfc sit otiwr reagcats were too 
Hsher and Sigma. 

Flattltt Preparation 

Blood wis collected from twa-fcumaa species, or from healthy hwnwi vc4- 
mm free of *pirin and other drugs for at least 8 days, te» 5.5% uisitfiim 

6X1 



citrate anUcoflHttUi* (1:10). The platekt ckh plasma (PRp) w ^ 
ceutrifirgation And the pjitetet com* to adjusted to 1 X 10* per ml with aw 
Jogoos platelet poor plasma. This PRP was used for all iggregaltasof platelets 
from Uie various animal spcdcs. For some itodSet bum« platelets wot uo- 
kfcd by rfiflg pottfid ccqtrifbgatton and (hen wasted to a modified Tyrode's 
buffer (5 oiMHEPES, 03 MM NsJRjFO,, 3 mMKO, 1M nuMN*a 5mM 
glucose, 1 mM Mga>, 12 mM NeHCO> pH 6\5), amtafaiing | mM EGTA. 
20 pfe/ml apyrase md 3 J mg/mJ BSA if previously described (1 1). The final 

wiihoutEGTAwdipyrwc. 

Platelet Stop* Cfovgc andAggregationAxsay 

PRP or (he Washed pUbeteu with 0-2 mg/mJ human fibrinogen were ah 
2 mm it 37* C lTrarf^ 

aggregation was mojwoa^ as i decrease in light transmittal^ ie*pecdyeJ(y 
Wfccn thrombin ww used at m agonist the PRP was' pco-iocohated for 2 mm 
wtih 2 mM (Ny-Pro-Arg-Pro peptide in order to prevail taumUowdUted 
flxin polymerization (12). Tha final amount or Exjb transmlttance (extent of 
aggregation) Of the rate of change of Hght iransmitance (rate of aggregation) 
was calculated by l&e iggro&tic icflwtre provided by Chftoolog Gup. whh me 
' aggrcgometer, In ill cafes mwfitativoty comparable reran* were obtained when 
either the rate or extent of aggregation was monitored. 

Peptide Synfasis 

Thrombin receptor peptides were synthesized as provkrcsfy described (13). 
Briefly, peptide rednt were assembled on solid support usm* M Applied Bk>- 
systems model 43QA amomated peptide ayatofeer frBOC based chemistry). 
PeptWa u carboxyi terminal amide* fujmcated by me symbd-NHj were 
synthesized on me beazylxh^laminc resin hydrochloride, The protected 
peptldfrfeto were treated wim aohyuroos Eqtrid Hp rjcefcnfag lOftanisoJe 
for 60 mm at 0* C Um crude peptide ^^mity^medhfp^m^ 
HPLC on a DBLTA-PAK C n commn, Fraction* containing product of at fe*rt 
99% purify were combwed sod characterized by NMR and for amino acid 
composition after6N flO acid hydrolysis. 

CcU Protiftnttton Amys 

^tttowofCCL^c^ 
previously described (13). Briefly, the cells were seeded in DMB-10% PCS at 
50^00 ceatAwefl in duster fA places (1 mVwdi), grown to confluence, washed 
with phosphate buffered salute and exchanged into DME : Ham'i P-12 
for grwth arrest far 28 h. At (his tunc me cells were exchaj^mto to fame 
rncdium containing l^Vml (3{f)-m«^yl thymidine, 1 u^rnl coW (hynndineand 
wfher 10% PK, ihrenaOT orrtwrnrnm 
uraihed with ice c^phc^atob^^ 
W mm foflowed by ijiialag wim 

n>odio^^ ^ tsoioactlvlly. Bacijround, defined *t the counts measured wft 
expc^ tomec^pmy, was frptcalr <8% mat observed PCS and was 
tobti^fflwnaflsan^ 
^tOvetotherocontrolmcachexpe^ 

Vascular S^otk Musdt Tension Off^rmhn 

Male puipcse-hrco; mooaret dojs (9^10J ^) were in^ihedred with 
aodmm pco^bamital (35 nm% L v.) and median^ ventilated wlm room 
*ir (Hamrd Apparetos), A left thmcotpmy was perfbnued and the heart 
w " ^^"^ tew««wd in oxygenated, warmed QV Q physiotogkaj **jt 
jotaUon (KS: UZ »M Nad, 5 mM KQ t 1-2 mM Mfc^/l25mM CaQ, 
1,0 1 mMKHjPO^, 25 mMNaMCOj, lUmM dextmte ^u^M aacoXte 
add). The buffer was ciguitf&rnted at J7* C wiA W% and 5% CO* co jnaln- 

a pH of 7.4. Tha left circomfe artary was Asscctri toJtafefaeut 
blood Was rinsed Hoom (he Kumoq, cxmntctive dasne and fat were carefully 
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removed and the vesid was lectionc* into iinp of 2 mm in Jengib f^^ m 
me experiments, me eodothelkm was removed by inserting a 23 »w- * JSf 
adapter into me ring and fo!lin S It eeody on a moistened paper towel To 
force generation, etch ring was placed belweeo two staiofeft-steet wires wS 
Individual lt$5ue bath chambers contain?^ 15 mJ of W C oxyfcaaicd K^S 
Jower wire was immobOtccd while ma upper wire was connected toaW 
UC2 uanducer. Etch ring, wim or without eodomelivm. was mtiMsti Ti 
bascGoc force of I gram during an coloration period of 60 mm. 
were primed with 40 mM KO (2 Umej), foilowbg me wash-out ahtr each S 
Emulation, baseline force was i&«WiWished at 1 gram. Arterial riaa t*« 
then a vaJoated for their response to baseline to 1.0 pM of the tlamfeT 
e^-c^rived activating peptide, SFLLRI^NH^ or fbf the effcci of W*to 
mrombiD on vessels precootraaed with 3 nM endothetm. Adequate deerT 
mtliaUzatkm was confirmed by the addition of acetylcholine (0.1 uM) h; the 
cwKrscted reparations. In separate expwjenis, the response to cumtOeUve; 
doses of me peptide was c^nonstrated Isometric ichsiot data were coltedcioa 
line at 2 s intervals and stored on i Ctxnpaq (Prothc 4733) c^rer m ^ 
with software provided by Branch Technology. DigM data and a tt^Z 
tracing were co&dmiously dljpliyed on a Hex Vision color monitor JZ 
FMV/t44g) wim a hard copy previded by a Hewlett Pacfc«rd laser jet Pcu 
Hard copy analog data were continously recorded on a Wwraet Hw/fce 
Paci:ird775fiA> 



Aggregation ofFtatelmfrom Veritw Species 
in Response to Thrombin Receptor-derived Peptides 

A systematic evahrattan of platelet aggregation provoked by 5- 
resloVe (SFLLR-NH,) or 14^s«fire (SPLLRNPNDKYEPF) pcpUdti 
derived from the sexpence ofthehaman thrombin receptor was under- 
taken hi platelet rich plasma from a variety of different animal species. 
As shown in Tabic J, of the 9 different species evaluated only phstetts 
from primates and those from the guinea pig demonstrated a full aggre- 
gation response. Platelets from a variety of species commonly used in 
torombosh studies, jnchwllng dog, hamster, rabbit, and pig showed 
a shape change but failed to aggregate in response to up to 800 uM 
peptide. Representative responses are shown in Figs. 5 and 7 as disci*- 
sed beJow. Rat platelets did not aggregate and also did not change 
toepe id response to the peptide* In contrast, only 1-10 jiM of tose 
ww required to promote full aggregation of human plaiefc& 
Receptor-daivcd Pep*** Of intermediate length also tailed to tndncc 

Table] Effect of peptide derived fiom me human thrombin receptor on fa 



Specks 


Aggregation 1 


Shape chanp 


Human 


87*5 


YES 


Baboon 


70±4 


YES 


Arncan green ntoftlwy 


57*9 


YES 


Rhcsos monkey 


68*12 


YES 


Rabbit 


3±J 


YES 


*S 


0 


YES 


Pig 


M*Z 


YES 


Rai 


0 


NO 


Hamster 


0 


YES 


Otone* pig 


651 13 


YES 



i re*™** nwi pragma was mauengcfl oy up to «» siM SFLLRJWiij. 
SFLLRN-NHj or SJFLLRNFNDKYE^ peptides and a^regilion and Jt«pc 
ehaage monitored is described m Methods. Aggregation values are exprevea" 
as the maximal axmat of aggregs tion observed * the standard deviation Result* 
are from separate experiment for each specie*. 
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at Human 

* Dod 

A African Grotfl Mcwikey 
o Hamster 
o Baboon 
A Rat 
T Guinea 

* Rhesus Monkey 



rt.; Horiu thrombin receptor peptide stimulated platelet segregation. PRF 
fc^fl toe indicated species woe challenged with Ac fcuraiA thrombin receptor* 
derived peptide, SFLJLRKJffl* md aggregation moaitorcd is described in 
Methods results are tbe avenge of 2 leparate cqwrimow Tec each 
jpecto, homsa (*X 8M*nea pig (A). Rtaw ™rtJ«y (OX baboon (•). 



Human w O P R / 



ftttfomWn), nM 

Fit 2 Thren^rtinwfrtd platelet aggregation. PRP (0.25 mf] I fan fte fa> 
(Seated swedes wm prepared and tthiwtoted by the fa^td coaceatntiOM of 
1mm duoraWntnd aggretattoa raeittaed n described in Method*. These 
results ire the mean fete of aggregation for human (*)♦ dossil =2; 
African E*a» rooofey (AX n - K hamster (OX ft - 1; baboon <Q) f 2; 
iat(AX0s3; guinea pig (TXtt* 2; andRhesoi »<>oiey(#Xn*2 



tofe2 PUtalcl segregation of nott-tramaii, fcamstor . pfe 8\>d rat, pltfalctt m 
ptoac* toewnwhed platelets wm earned out as described in Methods. Vm 
results arc ftom at lea* 3 septate experiment* for each |>eptiteineacfr»pgcitt 
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SFLLRNPNDK 

SFFtRNPSEN 
SFFLRNP8E2 



Peptide 



Aggr^oonBCg.jiM 

Non-human 
ftadets 



Human 



%5 Difference* to tfccfti^^ 

third mi^o (rf the acuVftikg peptide from the feamstc^ p), moose (14), and 
mt(l5)has an F fJPhe) fubsttation for L <JLw). OndcrKaed ierfAiei indicate 
differences from thehuflJAfl *cqpence Q) 



SFLAR-NHa 
SFALR-WH, 

AthRLLR-NHi* 



>800 

>soo 

>800 
>g00 



1 

15 
>8W 



• 3Qwd ^ 5^hwlyl)abalDe, hF=»hon* poeayljlanine. 



aggngahoo (data not shown), platelets from the re$r)<>oii»sj species of 
guinea pig». Rhesus monkey? attf baboons, however, foUy eggregatad 
ta lefiponse to die haawn receptor peptides, although 10 to 40-fold 
inote peptide than that needed to promote aggregation of immw 
pUtekl$ was required for aft equlvriem response u ihown, ift fig. L 

The platelet* torn the species wluch did not i^regate in response to 
kumia flwombro receptor-derived activadni nepddea, did aggregate af- 
ter »&nu3Mioa by tomao thromVin as shown, in Eg, 2, tnd by ADP tod 
collageo, two otto platelet agonists winch act Via distinct rtceptocs 
(ftot shown). Thi$ result demonsfrates (bat the platelets from these 
species pan aggregate and that they have thrombin receptors that at* 
recognized and activated by human thrombin. 

A comparison t< to 
tern cDN A clones of the thrombin emptor from bnman, (2), hamster 
{3),tnoase(14) aodratUS) loiircea wshc>wfltal^3.!nthei^pc«ed 
icUvating peptide region there is a substitution of a Pte for Leo at 
position 44 in the rodent ipecies. We speculated that activating peptioea 
Whh thla substitution might activate platelets from homologonj species, 
flttthad not responded to the humaA receptpr-deJfivcd peptides, A 7-rcJ- 
Idue peptide incorporating this substitution was prepared and its effect 
on the aggregation of human platelets compared to that elicited by the 
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Ht wm s^moirted by 7-ie«idoopflptida based on tfa sequence of tho hogmp 
nKwnbui receptor, SftlRNP (A), or the bttnafcr thrombio^re^ 
SFfUW-NH^ (•), and aggccjfauon monitored at described ifl Method, The 
fesola are expressed ai mm * S. R for 3 separate experiments for *** 
peptide 
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%5 AjgregsrioQ $f Iranian rod hamster pUttfcfs. HUman or bamiiw PRp 
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rived peptide, SFLLRNH* cr toe hamster OdtoxoMa receptor^ ved peptide 
SfTLRNP-tfty and SFRJ^NTOBNimJF^^ and sggregation moni. 
tared as described fa Methods atf as di^ Uie tradi^ Olttw te^ im 
ftpresentatorf^sepaft^ 








% t 






"/ 








It 

— ' 1 1 X 1 


-12 -11 -10 


-8 -7 ^4 




W3o5*o Concserrlratton (M) 

55?„ Mjwte Activkf of thrombin realtor agonist r«ptfdea toward* 
odk (•) iumun thrombi (A) i human thrombi* rte^tct-derired 
peptide, 5FLLR-NH 3 , or (■) ti» footer fcrombm rc^^ 
SFFUW-NB^ wece tddfid to conHi^ cultural of growfb <3a39 
wrte and after 22 H fa extent of DfcA ^ntbodfl w as determined by measiirhift 
WTnymkttnc incorporate into newly synthesize BNA is described in 
Methods and (13). The data are expcened M (^Thynudino inwipoiition a* 
sparcentajanf tfee response to 10% fetal calf mq (PCS) to fee sanwe* 



^^tf thrombin and a ftrombin 
(A) Aggregation Of dog PRP to *S nM torombin or 800 nM 5FUJRN- NH, 
peptide was carried our as dMcrfbM » Mahod*. V«cn]ar response of cmine 
wwary arfcry iiap without (B) and with ciidotfeeliani (Q P) io 100 nM 
ftrotnoio or 1 pM SELUUWHj peptide c«riedo«esowribodiijM«ho^ 
(D) Dose-related response of canine coronary vessel rings to SHXW-TCL 
p^tide added comulttlvely, Tfcci w of B-D ait rcpreacntadve of 4-5 sap. 
antecipconwws 



con^ponoing 7-xeBjdne buwan iwptor peptide. Af shown to Fig, 4 
the roden^dedvod receptor peptide also promoted M a&regation of 
human platelets similarly to that toduccd by 06 human reototar- 

^ ^effect of foe hamster r^ptor^eaivwi r*pti<k together with that 
, ™ mfl ° «?PtD«Mvw! pcpaite pt the aa TO length on hamster 
pkteW aggregation is illustrated in fig. 5. Tbe human platelets to 
ptema showed comparable aggregation in lespoosc to % >«M of each 
PWfe however, both the human- and roc^Hk^^pq^tid^jttnpto 
W0 MM failcct to promote aggregation of hamster plaid** de^itethe 
I*"** being from the same specie*. In order to rule out the possibility 
that a 7 residue hamster recaps peptide la of tostfBcient length to ac- 
^j 8 * ^eta, * longer peptide tf tfarnfooadds derived 
from the clea^a^ eo ftl» hamster receptor done was prepared. This 
wop to SOO^aJsod^ not toduoe aggregate of tie hamster 
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platelets despite being a potent activator of human platelet aggregation 
as shown in fifr 5. Sdnmlation of rodent and pig platelets by ^residue 
peptides with an alanine substitution in position 3 or Substitutions in 
the 2 and 4 positions with other residues in an attempt to mimic their 
endogenous receptor ligands also (fid not result in peptides which coo Id 
initiate aggregation of these platelets as shown in Table Z 

In order to defcrmtoe If peptides were being inactivated by some 
plasma component both human receptor-derived activating pqptkks of 
5 and 14 amino acids and the 7 and 17 amino acid fodcnt-deHw4 
peptides were incubated with plasma from nonaggreg&ttog specks for 
5 mm, at IT C and then added to human platelets at 2 times their EC* 
«wenfc*tioo to determine If the plasma from these spedes was 
inactivating the peptides. These platelets aggregated with ■ response 
comparable to that observed in response to the same concentration of 
pq)tl^ rjot j^-tocybated with the plasma. Thus, there wa* no pcptWe 
toactivation to the plasma from these non-respondiDg spedes under 
these conditions. 

Mfo&snk Response qfCCU9 Cettf 

We had previously observed that thrombin and human thrombin 
reoeptor peptides coold promote increased incorporation of Pf^Hhym- 
idine in CCL39 cells, a tomx-faircd fibroblast cell line (13). Since 
hamster platelets did not aggregate In response to either human or 
hamster thrombin trceptor-dedved peptides it was of interest whether 
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# cot hamster fibroblasts folly respond to the hamster-derived pep- 
tides. As drawn fa F)g. 6 and as previously reported (13), thrombin and 
both bo man and tAmstcr-denvcd receptor peptide* induced a strong 
Autogenic response in CCL39 cells. Although the potencies of each to 
elicit these rtfponsei was different, the same final extent of pH]-thym> 
was incubated in response to each stimulus, 

jgjfcd <?/ Thrombin and a Thrmbin Rtctptor Peptide 
anCMneVtncular Response 

We next explored whether the apparent tissue selective respousrve- 
ae$s ro ihrotubru receptor-derived peptides was unique to the hamster 
of if thrombin responsive tissues Ja other species could respond to the- 
%t peptides. Dog platelets did not aggregate in response to human 
thrombin receptor-derived peptides (Fig. ) A 7A) but they did aggrega- 
te to thrombin stimulation (Bg. 2). The effect of thrombin and the hu- 
man thrombin recrptc*-derived peptide, SFlLRN-NH^, oq isolated ea- 
aine coronary artery rings was evaluated. Thrombin toduccd a modera- 
te conduction p2A% or OM g increase) of 3 uM eadotheUn precon- 
tracted (Z14 g) de-enck^btetiaHzed rings (Fig. 7B), and elicited a 
marked relaxation (72-1% or 1.73 g decrease) of eno\abelin pre- 
contracted (2.47 g) coronary artery rings with endothelium from the 
same vessel (Fig. 7 Q. The endotheiin-stimnlated contraction (3 g 
active tension) was similar to that typically elicited by 40 mM KC1 
(85ft of the KC1 response in the denuded rings and 65% of the KO 
response in the intact vessel segments). In contrast te its effect on 
amine platelets, the ^residue thrombin receptor peptide elicited a 
dose-related contraction above baseline tension levels is foe canine 
coronary artery rings toft without (Fig. 7 B) and with endothelium 
(Fig. 7 C & D). Be magnitude of these contractions were 2.95 g or 
95% of the response to 40 mM KCl without «>dfJtodhraiaodl?6grx 
75% of Cbe response to KCI in the same ves^withl^eodoiheHnnu 

Discussion 

Thrombin plays n vita) role in many aspects of normal nemos tasis 
(reviewed in 1$). It is a precoagulant enzyme, mediating the convet* 
sk>fi of fibrinogen to fibrin and the activation of Factors V and VTfl, 
thereby promoting its own production. Thrombin can also act as a feed- 
back inhibitor of its own production by activating the moral anti- 
coagulant, protein C (17). It also directly activates platelets and many 
other cell types via a cell surface receptor^) (1)» With the cloning, ex- 
pression and elucidation of the mechanism of activation of a human 
thrombin receptor on it^gakaryocytic-likc cells (4) k became possible 
to djrectfy examine activation of this thrombin receptor on platelets and 
other cells without interference from the other responses to tiirombiiL 

According to Ae proposed mechanism of activation of this receptor 
(4) peptides derived from die newly created amino terminus should 
activate platelets directly via this receptor. In the current studies we 
cxambed die ability of peptides derived torn the amino acid sequence 
deduced from the done of the human or rodent thrombin receptor to 
promote aggregation of platelets from a variety of different species. We 
found that in addition to human platelets only tbose from primates and 
the guinea pig (Table 1 ) fatly aggregated in response to these peptides, 
This result is in agreement with the findings of BnJkwgh Rathbone et 
a* (18) and Catalfamo et al (19). The non*ggregating platelets from 
the dog, tat, rabbit «d hamster, however, were physiologically compe- 
tent as they <fid aggregate in response to other agonists inch as ADP or 
collagen. They alsp have a thrombin receptor, as they aggrega Ced in re- 
sponse to human thrombin (fig. 2). The platelets are partially activated 



by the peptides derived from the thrombin receptor, as the platelets 
from all species tested (except the tat) underwent a shape change in 
response to these peptides, 

It© precise mechanistic basil for the inability of the peptides with 
sequences derived from the human thrombin receptor to promote full 
aggregation of platelets from the non-primate species is unknown. It is 
unlikely that the inability of the human receptor peptides to promote 
M aggregation of platelets from many specks is doe simply to a lower 
affinity of the same thrombin receptor for these peptides (all of which 
fnHy respond to thrombin). KMougJh-Kathbono at at (18) tested the 
effect of 1W pM of the thrombin receptor peptide with (be animal 
specks, a 20-fold increase over the amount required to promote fall 
aggregation Of human platelets. In the current studies an 800-fold 
excess of peptide over that which Induced full aggregation of human 
platelets in plasma was unable to elldt aggregation of platelets from 
non-respOfXEng specks. Hie lack of aggregation in response to a con- 
cenftmuon Of peptide almost three orders of ruagnkndc greater than that 
required to promote full aggregation of human platelets suggests that 
the receptors are pharmacologically distinct between species, likewise, 
because shape change and not aggregatkjn was provoked by the rcccp^ 
tor peptides in several non-pdmatc species, pharmacologically distinct 
thrombin receptors within toe species receptors may mediate these 
responses. 

An alternative explanation for the lack of aggregation of platelets 
from many species could be explained by a high amount of ajooino- 
peptidase M activity in plasma from the non-responding species which 
woold clcare the amino terminus serine from the activating peptides, 
thereby rendering them inactive as described by CoUer et al, (20), This 
is however, unlikely, because incubation of the peptide! with platelet 
rich plasma from the various nojOHrespondlng species did not render 
them mcapabb of promoting aggregation of human platelets (not 
shown}. In addition, at the peptide concentration examined (800 uM) 
the peptidase activity would have to hydroJyze more than 99 S% of the 
peptide within * few seconds. 

The lack of aggregation response of platelets from some species to 
the receptor peptides is unlikely due to a diirereace in thrombin rtcep- 
ton that k unique to the wra-responding spede* or to platelets within a 
given specks. It could be argued thai the platelets from the non-re- 
sponding species do not aggregate because the sequence of their 
thrombin receptor in the region of the tethered ligand is different at 
some critical residue, and therefore* their activating peptide would be 
different than that of the human-derived peptide. Structure activity stu- 
dies (5-8, 21) indicate that the second residue of the activating against 
peptides is the most critical for agonist activity. Several peptides at up 
to BOO jiM with substitutions in this residue, and in residues 3 and 4 did 
not promote platelet aggregation of (he non-responding species, while 
being effective agonists for human platelet aggregation (Table 2). 
Cloning of the thrombin receptor from rodents, including hamster (3). 
mouse (14), and rat (IS), revealed a substitution of a Phe for Leu at 
the third residue, Peptides of 5 to 14 residues in length derived from 
die hamster receptor sequence stimulated (he aggregation of human 
platelets, but the effect of this peptide on platelets frctn cAa species, 
including hamster, was not previously reported (22). We found that a 
7 or 17 residue hamster receptor peptide was nearly as effective a* the 
human sequence to promoreeggre^ 

?0O pM did not provoke aggregation of platelets from hamster the 
species from which these peptides were derived (see Hg. 3). The lack 
of a response of the hamster platelets to be hamster-derived sequence 
is inconsistent with this simple explanation and suggests a more com- 
plex mechanism of receptor activation, 
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phosphabdyl inositol taraow and inhibition ^ ^ cycCm) 

The cunart ■ware awfiro Ac ability of tan* peptides to promS 

PS«W« «lso promotes ontogenesis of t&eR hamster fibroblast cafls. 
^^^^ 

l^on of cog coronary «rtay strips by hum thrombin i^mot 
(24). Rat platelet* also did not HZsaTE 

1 il M^y?* ' wnibr Yet > *»pte «» feck of »ny 

P^c, bnroa peptic ha ve been »how« to ^ » effect oa 3* 
TOy of « Mwc (25-27) and to be allogenfcXm 

»»ofte aiwnbfa noepton on noa-platelet cells have different 
pbamtcoloeica] properties than those on their pjatefcts 

JJg « , pomato nod hamster plaefe* which iwpond, to 

"^"Wved peptides, rod aaotheT^epi^,) » 
Pjete fiwn ao^primato species that is 
. °% faUy activated by thrombin. The eunttiUy ava^ZSLS 

ftomsevenl other types of apjJSfo 
wpport the existed of moo: than one thrombin ^toTRwTela*! 

< ST and ta, may taJSK 

mitlnct receptor. Secondly, Staler d aL (34) reported on two tvne* 

sro^rT^^^^^^ 

aloha Sn^K?" ^ T* WJStoIw concentrations of 
^tt^to brt not gamma thrombin aod it was deaaslfiJoy 

EKW*?- A Vfl(ie * of ftrwnWa bMo, p^ ha« been 
tSiSlCS 7*°*** been TgLi a. betj 

MDSd«3Kr^' I " o,0 « cs$e5 ^nWMoandbaiBster^aived 
Wte ete *» KSPPowof tbe platelet, TWt 

.be e^ioflo/^p^Xge, rece ^ B ^ 



We would (Ike to tbanx Dr. Joseph Lynch. Dr Linda C^.m J . 

ftJtorcr.hdrua^wid.theTniCi?^ 
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